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SUMMARY 
The research described herein is aimed at exploring the thermo-mechanical properties of 
thiol-ene polymers in bulk form, investigating the ability of thiol-ene polymers to behave 
desirably as photolithographic media, and providing the first characterization of the 
mechanical properties of two-photon stereolithography-produced polymer structures.  
The thiol-ene polymerization reaction itself is well-characterized and described in the 
literature, but the thermomechanical properties of thiol-ene and thiol-ene/acrylate 
polymers still require more rigorous study.  Understanding the behavior of thiol-ene 
networks is a crucial step towards their expanded use in bulk form, and particularly in 
specialized applications such as shape memory devices.  Additionally, the thiol-ene 
polymerization reaction mechanism exhibits unique properties which make these 
polymers well suited to photolithography, overcoming the typical dichotomy of current 
materials which either exhibit excellent photolithographic behavior or have controllable 
properties.  Finally, before two-photon stereolithography can create mechanisms and 
devices which can serve any mechanically functional role, the mechanical properties of 
the polymers they produce must be quantitatively characterized, which is complicated by 
the extremely small scale at which these structures are produced.  As such, mechanical 
characterization to date has been strictly qualitative. 
Characterization of bulk materials was both mechanical and chemical. Fourier transfer 
infrared spectroscopy revealed functional group conversion information and sol-fraction 
testing revealed the presence of unconverted monomer and impurities, while dynamic 
mechanical analysis (DMA) and tensile testing revealed the thermomechanical responses 
xviii 
of the systems.  Nanoindentation was employed to characterize the mechanical properties 
of micrometer-scale polymer structures produced by two-photon stereolithography.  
Optical and electron microscopy were exploited to provide both quantitative and 
qualitative evaluations of thiol-ene/acrylate and acrylate performance in small-scale 
polymerization regimes. 
The broad objective of the research was to explore thiol-ene polymer behavior both in 
bulk and at the small scale in an effort to supplement the material library currently used 
in these fields and to expand the design envelope available to researchers.  The 
significance of the research is the advancement of a more complete and fundamental 
understanding of thiol-ene polymerization from kinetics to final properties, the 
quantitative establishment of the mechanical properties of materials created with two-
photon stereolithography, and the comprehensive characterization of a supplementary 
class of photopatternable polymers with greater property tunability than is possible with 
currently used materials. 
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CHAPTER 1. INTRODUCTION 
1.1. Motivation 
Polymer photolithography has featured (meth)acrylate monomers, almost to the exclusion 
of other materials, since the very inception of the technique.  Typically, highly functional 
acrylate monomers are used to insure rapid polymerization and pattern fidelity; these 
highly crosslinked networks shrink less than networks formed from lower functionality 
monomers.  As a direct result of the high crosslink density (or low molecular weight 
between crosslinks) and monomer chemistry, these networks exhibit qualitatively glassy 
behavior at ambient temperatures - e.g. high stiffness and low ductility.  Therefore, 
researchers are forced to choose between insuring pattern transfer fidelity and controlling 
the mechanical properties of the polymer.  However, one of the newest techniques for 
patterned photopolymerization, called two-photon stereolithography, yields polymers 
with as yet undetermined thermomechanical properties.  (Meth)acrylates are also used for 
shape memory applications, where such materials can be deformed to a metastable 
“stored” state and then be activated to recover to their initial shape in an automatic and 
controlled fashion, because the glass transition temperature (Tg) and rubbery modulus 
(Er) can be tailored independently to suit a particular application. 
There is another class of polymer, called thiol-ene, that is also readily 
photopolymerizable and may be well-suited to these same applications, complementing 
and perhaps partially replacing the use of pure (meth)acrylates while expanding the range 
of achievable properties.  Therefore, this research was motivated by the possibility of 
thiol-ene polymers to replace (meth)acrylate polymers for small-scale applications and 
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complement them in shape memory devices, as well as by the need to determine a 
process-property map for two-photon and other photolithography techniques.  
Furthermore, the research was motivated by the need to establish a link between bulk 
properties and the behavior of the polymer in small-scale roles. 
1.2. Problem Definition 
Thiol-ene polymers have recently reemerged on the academic stage as a material system 
of interest because of their ability to readily photopolymerize.  This photopolymerization 
can be carried out under ambient conditions and in the presence of oxygen, and is very 
rapid.  Many studies have delved into the roles of various processing parameters on the 
polymerization reaction itself [1-27], while fewer have studied any of the resultant 
thermomechanical properties of the polymers [28-39].  The properties of these polymers 
are addressed by two related questions: 
• What are the thermo-mechanical properties of various thiol-ene and thiol-ene/acrylate 
copolymers? 
• Can the resultant properties of thiol-ene polymers be predicted (at least qualitatively) 
and controlled by changes in monomer chemistry? 
Additionally, there are benefits of the thiol-ene polymerization scheme over typical 
(meth)acrylate polymerization which may make thiol-ene polymers an excellent choice 
for small-scale devices.  This possibility was explored, as stated below: 
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• What benefits do the thiol-ene polymers provide for photolithography? 
Two-photon stereolithography has emerged as one of the highest resolution 
polymerization schemes, with the ability to form solid polymer at the submicrometer 
level.  This technique has led to the creation of microdevices, such as optical waveguides, 
at a scale and resolution that was impossible before.  However, given the relatively recent 
invention of this technique and scale at which its products are created, little is known 
about the final properties of the product beyond optical observations and some chemical 
analysis.  Therefore, this lack of knowledge was addressed by this research, as stated in 
the two questions below: 
• What are the mechanical properties of polymers created by two-photon 
stereolithography, and how do the processing parameters affect them? 
• How do these properties at the small scale compare to bulk-polymerized material? 
Understanding and controlling the behavior of thiol-ene polymers are key steps required 
for their widespread adoption in photolithography at the small scale and in bulk 
applications, such as shape memory devices.  Additionally, knowledge of the properties 
of two-photon polymerized materials, especially as compared to the bulk material, will 
allow researchers to create mechanically functional, three-dimensional devices with this 
technique.  Integration of these new polymer components can expand the capabilities and 
applications of microscale devices, such as silicon-based MEMS. 
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1.3. Materials 
1.3.1. Polymers 
Polymers differ from most engineering materials in that they are large macromolecules, 
or chains, composed of hundreds to millions of smaller repeat units, called monomers.  
They are formed by various kinds of polymerization reactions, which are classified by the 
way the monomers react, the impetus for the polymerization reaction, the materials used, 
or the method used.  The main classes of polymerization include: step vs. chain growth, 
addition vs. condensation, solvent-less vs. solvent vs. emulsion, catalyzed vs. radiation-
induced, ionic vs. free radical, etc.  The polymer can be further classified by their chain 
structures, the ordering of the monomers, or by the chemicals used to make them.  
Thermoplastic polymers, for example, can be dissolved in solvents and melted at elevated 
temperatures because the chains are physically entangled and not chemically linked, 
whereas thermoset polymers are three-dimensional networks which are chemically 
crosslinked and so will only swell in solvent and will degrade instead of melting at 
elevated temperatures [40-44].   Thermoplastic polymers can be further classified by the 
chain structure, such as linear, short or long branched, star-branched and so forth. 
The polymers that were used in this research are all free-radical, solvent-less, radiation 
induced (often called photopolymerization because of the photons which carry the 
electromagnetic energy), and are step or chain growth reactions.  Chain growth 
polymerization proceeds by addition of monomeric species to a radical core started by the 
initiator.  In the step-growth mechanism involving two complimentary functional group 
types A and B, each A-type group can react with any other B-type group so monomer 
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pairs react and form into dimers, then trimers will form upon a further reaction step, until 
trimers grow to form oligomers and finally polymer chains.  In chain-growth, there are 
two species sizes – growing chain-size and monomers; in step-growth, there is a broad 
distribution of sizes present at any given time, ranging from monomer to dimer to trimer 
to oligomer to full chains, where long chains do not develop until the reaction is nearly 
complete.  In the free-radical polymerization scheme, an initiator sensitive to the 
wavelength of incident radiation, such as the ultraviolet (UV) initiator 2,2-dimethoxy-2-
phenylacetophenone (DMPA), is cleaved into free radicals which begin the 
polymerization reaction. The free radical from the initiator then breaks a nearby double 
bond, creating a new covalent bond to the nearby molecule and propagating the radical 
further along the newly-forming chain.  The propagation step involves the newly 
propagated radical attacking other nearby double bonds in succession, and termination 
involves various pairs of radicals interacting with each other to cause mutual extinction 
by either coupling, where two small chains meet up to become one larger chain, or 
disproportionation, resulting in the two smaller chains remaining separate and in the 
regeneration of a double bond.  Free radical photopolymerization is popular because of its 
relatively low energy requirements, ability to be performed at ambient temperatures, and 
rapid speed [45-55]. 
1.3.2. Shape Memory Materials 
It is commonly held that the first discovery of a “shape memory” process was made by 
Chang and Read in 1951 [56] during their investigation of a diffusionless phase 
transformation in a gold-cadmium alloy.  Ten years after the discovery of Chang and 
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Read, a series of investigations regarding nickel-titanium alloys for naval applications by 
Buehler and Wiley [57] at the Naval Ordnance Laboratory (NOL) revealed that these 
NiTi alloys also exhibited the same type of diffusionless phase transformation; in honor 
of the initial investigations of this material system, an alloy of this type is often called 
NiTiNOL.  This particular transformation behavior gave the material a “shape memory” 
effect, though the commercial and academic implications of their discovery did not begin 
to be recognized until years later [58]. 
Though the mechanism for the shape memory effect differs greatly from the metallic 
alloys, a similar deformation recovery behavior has since been shown in various polymer 
materials [59-65].  Regardless of the polymerization process, a polymer that undergoes a 
mechanical glass transition, where the modulus of the material drops by several orders of 
magnitude once over a threshold temperature range, can exhibit what is called the shape 
memory effect.  Essentially, this behavior means that the material can be deformed from 
the initial state when soft and compliant, cooled while constrained, stored in the “frozen” 
state indefinitely, and then recovered to the initial state upon reheating.  This is shown 
schematically in Figure 1.1. 
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Figure 1.1. Schematic of the shape memory effect. 
 
Classically, a polymer is classified as a shape memory polymer only when the glass 
transition temperature (Tg) is superambient and is glassy at ambient conditions, though 
this is not strictly a requirement.  The shape memory effect in polymers is often 
visualized as an “entropic spring.”  When synthesized, the polymer is in an equilibrium 
state with the chains in a relaxed conformation such that entropy is maximized for the 
given conditions. As the polymer is stretched and deformed, the chains begin to align and 
become ordered; the entropy of the system is reduced.  When the polymer is constrained 
and cooled, the chains are locked in place and the system is considered to be in a 
metastable state because the chains will remain deformed indefinitely.  Once the polymer 
is heated, however, the “locking” of the chains releases - the chains become mobile and 
return to their initial conformation, again maximizing the entropy of the system. 
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1.3.3. (Meth)acrylates 
For the better part of a century, (meth)acrylates (Figure 1.2) have formed a versatile class 
of polymers that play a major role in military and commercial products, from airplane 
canopies [66-69] and vehicle periscopes [70, 71] to optical storage media [72, 73], 
speakers [74], contact lenses [75], trophies [76], paints [77, 78], coatings [79], and 
adhesives [80-83], as well as in industrial and academic research. 
 
Figure 1.2. Chemical structure of (a) a methacrylate and (b) an acrylate. 
 
They are popular because of their relatively low cost, ready availability, rapid 
polymerization kinetics, optical clarity, toughness, the broad range of achievable 
properties [84], and the relative ease of monomer synthesis and polymer manufacture and 
processing.  (Meth)acrylates are popular materials for biomedical engineering because of 
their potential biocompatibility [64, 85-87], the ability to photopolymerize them in situ 
[88, 89], and the ability to tune the mechanical and degradative properties [85, 86, 90-92] 
of the network. 
Several recent studies have illuminated the capabilities of (meth)acrylate systems which 
make them highly favorable for shape memory applications.  The structure of 
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(meth)acrylate polymers can vary from a thermoplastic to a thermoset, depending on the 
concentration and structure of the monomers added [40-44].  A copolymer of purely 
monofunctional monomers results in a thermoplastic by definition, while the addition of 
di- or higher-functionality monomers results in thermosets ranging in behavior from 
lightly-crosslinked elastomers to highly-crosslinked, three-dimensional networks.  More 
importantly, within both classes of material, it is possible to tune the glass transition 
temperature (Tg) by careful selection of the monomer [65, 84].  Monomers with long 
chains occupying the R position (Figure 1.2) tend to exhibit lower glass transition 
temperatures than those with α-methyl groups or other bulky groups adjacent to the 
unsaturated bond in the monomer [84].  The large concentration of bulky groups close to 
the main chain serves as a large interacting steric hindrance, which raises the Tg of the 
material.  Long, carbon-based chains do not have as noticeable an effect due to their 
greater flexibility. The Tg of polymer networks is affected by both monomer chemistry 
and relative concentration; the crosslinking effect raises Tg while the copolymer effect 
can raise or lower Tg [93].  The crosslinking effect is a direct result of adding covalent 
links to the network, which are steric hindrances that hinder the macromolecular motion 
of the chains in the network.  The copolymer effect, on the other hand, is a result of the 
actual chemical composition of the monomers included.  Monomers with long flexible 
segments will reduce Tg, while monomers with short segments or bulky side groups in 
close proximity to the unsaturated bond will increase Tg, in the same way as discussed for 
thermoplastic (meth)acrylates.  By carefully exploiting the interplay of these two effects, 
the Tg of (meth)acrylate networks can be adjusted. 
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Thermoset networks have an additional property, the rubbery modulus (Er) or minimum 
storage modulus after the Tg, that is critical for shape memory applications and can be 
tuned independently from Tg  [65].  Er is controlled by the crosslink density (the inverse 
of the molecular weight between crosslinks) as proposed by Treloar [94].  Thus, 
polymers composed of difunctional (meth)acrylate monomers with higher molecular 
weight will, in general, have a lower Er than those composed of lower molecular weight 
crosslinkers at equal concentrations. The effect is most pronounced at equal weight 
fraction, where the lower molecular weight crosslinker simply creates more crosslinks for 
an equivalent mass.  It is less pronounced when compared by mole fraction except at very 
high mol% crosslinker, where the effects of the crosslinker are no longer diluted by the 
larger network behavior.  Adjustment of this parameter can have important consequences.  
It has been found, for example, that network toughness (as determined by tensile testing) 
is affected by monomer chemistry when Er ≤ 10MPa, but is rather independent for higher 
values of Er [84].  However, the exact contribution that various monomers make to some 
of the overall properties of the polymer is somewhat limited and not quantitatively 
predictable with current models [84].  Part of the difficulty in accurate property 
prediction lays in the inherent heterogeneity of (meth)acrylate networks.  The 
heterogeneity stems from many factors, including self-cyclization (where a growing 
chain crosslinks with a pendant functional group from the main chain) [93, 95], the 
stochastic nature of polymerization and functional group distribution, and the basics of 
the (meth)acrylate polymerization reaction itself.  In all (meth)acrylate networks, there 
are two types of chains – 1) main, pure-carbon backbone chains and  2) crosslink chains 
composed of the core of the multifunctional monomer.  The inescapable presence of the 
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carbon-carbon backbone chains thereby limits the range of properties that the 
(meth)acrylate polymers can exhibit; the properties of the backbone chains, though not 
necessarily always dominant, still contribute to the behavior of the polymer.  The 
selection and control of Tg and Er are critical features in the design of shape memory 
devices.  Tg, the deformation temperature, Td, and the recovery temperature, Tr, all affect 
the recovery time of the polymer network [63, 65].  Er is the main factor which controls 
the force of the recovery, though the aforementioned temperatures also have some 
contribution. 
1.3.4. Thiol-enes 
The thiol-ene (Figure 1.3) reaction was first suggested by the German chemist Posner in 
1905 [96], but academic interest in this potential polymerization reaction remained 
relatively muted, especially as compared to (meth)acrylate polymerization, until the last 
two decades. 
 
Figure 1.3. Chemical structure of (top) a dithiol and (bottom) a diene. 
 
Interest in the thiol-ene reaction mechanism increased as distinct advantages over 
(meth)acrylate polymerization were discovered.  Various researchers have shown that, 
unlike (meth)acrylates, thiol-ene reactions do not exhibit oxygen inhibition [10, 26, 34, 
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97, 98] and show reduced shrinkage [16, 28, 30, 99], while retaining high optical clarity. 
Additionally, due to the alternating nature of the reaction steps, thiol-ene polymers tend 
to be more homogeneous than (meth)acrylate polymers [33].  Moreover, the thiol-ene 
reaction is the only known free-radical addition reaction in which various chemical 
groups (e.g. phenolic rings, ethylene glycol groups, ester groups) can be incorporated into 
the main chain backbones, potentially allowing for a greater amount of property variation 
than is possible with pure (meth)acrylates.  The polymer is no longer restricted by the 
presence of pure carbon-carbon chains, though these can be included if needed. 
The thiol-ene free radical addition polymerization reaction, first proposed by Kharasch 
and coworkers in 1938 (steps 1-4) [100], is shown in Figure 1.4, assuming the –ene 
cannot homopolymerize: 
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Figure 1.4. The thiol-ene reaction scheme. 
 
Termination is generally thought to occur by radical recombination [2], as seen in steps 
7-9.  Steps 5 and 6 shows how inhibition by oxygen is avoided in this reaction – the 
peroxy radical still shows significant affinity for hydrogen abstraction from the thiol 
group, propagating the radical and allowing the reaction to continue.  Note that, unlike 
(meth)acrylate polymerization where monofunctional monomers form linear chains, in 
order to form a polymer from the thiol-ene mechanism, the thiol and –ene must both be at 
least difunctional.  Reaction of purely difunctional monomers results in a linear polymer 
system (i.e. a thermoplastic), while the inclusion of monomers with higher functionality 
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results in crosslinked network polymers, or thermosets. Monofunctional monomers 
simply act as chain terminators.  To achieve full monomer conversion, a stoichiometric 
ratio of thiol and –ene functional groups is necessary.  Note, too, that acrylates can be 
incorporated into the thiol-ene system because the acrylate group contains pendant 
unsaturated carbons.  These, too, must be difunctional in order to avoid premature chain 
termination, but acrylates can homopolymerize, adding another step to the above reaction 
scheme.  This added step increases the complication of both the kinetics, because the       
–ene and acrylate compete for thiyl radicals, and the network structure, since 
(meth)acrylate carbon-centered radicals can abstract a hydrogen from a thiol in the 
normal fashion or it can homopolymerize. 
Some of the most comprehensive studies [17, 18, 101-110] on the photopolymerization of 
thiol-enes determined how various neighboring groups to both the –ene and the thiol 
affect their reactivities [10, 19].  It was found that an –ene with a neighboring vinyl ether 
is much more reactive than one with an allylic structure, which itself is more reactive 
towards hydrogen abstraction from a thiol (step 4, above) than a plain alkene [10].  Also, 
methacrylates are less reactive than acrylates due to the α–methyl group.  The most 
reactive thiol type is mercaptopropionate esters followed by mercaptoacetates, and the 
least reactive type is alkane thiols [19].  Following in the footsteps of these studies, there 
are a number of studies which investigate the reaction using a variety of techniques.  
These techniques include modeling of the reaction [3, 4, 20, 22, 24], real time Fourier 
transfer infrared (RT-FTIR) spectroscopy which monitors the conversion of the groups as 
the sample is irradiated with ultraviolet light [1, 2, 4, 15, 16, 21], photo differential 
scanning calorimetry (photoDSC) which tracks the heat evolved during the 
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polymerization reaction as the sample is irradiated [8, 9], and rheology [1, 31, 32].  Some 
researchers have even investigated the unique ability of thiols to radicalize without 
photoinitiators [5], creating polymers without potential contaminants.  Fewer studies have 
elucidated the mechanical properties of thiol-ene and thiol-ene/acrylate materials [29, 33, 
34, 36, 111].  A rigorous process-to-thermomechanical property study of thiol-
ene/acrylates was performed by the Hoyle group [37], who studied the effect of acrylate 
structure on the properties of various ternary copolymers composed of one trithiol, one 
tri-ene, and one of a selection of (meth)acrylates.  However, the majority of the studies 
typically analyze one or two mechanical properties at most, generally with DMA.  But 
since the thermomechanical properties of a material are a critical parameter in the design 
of a device for any application, a fuller understanding of the total behavior of thiol-ene 
polymers is necessary. 
1.4. Testing and Evaluation Methods 
1.4.1. Nanoindentation 
Nanoindentation is a relatively new method for experimentally determining the 
mechanical properties of a small volume of material [112, 113].  This method is similar 
to standard hardness/ penetration tests, since a sharp or blunt tip is forced into the sample 
material.  However, nanoindentation differs from typical macroscopic indentations in a 
critical way - the force and tip penetration depth are monitored during the experiment to 
obtain material properties, rather than by examining the residual impression left by the 
indentation tip after the indentation is concluded.  For this reason, nanoindentation is 
often referred to as depth-sensing-indentation (DSI).  Nanoindentation has been used to 
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measure the mechanical characteristics of materials ranging from bulk and nanoscale 
metals [112-118] to polymers [119-123].  Due to the small scale of the indenter tip itself 
and the extreme force and displacement resolution of the sensors, nanoindentation is 
uniquely suited to analyze small volumes of bulk materials or to analyze thin films or 
other materials with dimensions on the order of micrometers or nanometers, such as 
nanowires, thin films, and two-photon stereolithography polymer structures. 
1.4.2. Dynamic Mechanical Analysis 
Dynamic mechanical analysis (DMA) is a method used to determine the 
thermomechanical behavior of a polymer sample over a range of temperatures and/or 
frequencies.  Essentially, the sample is deformed in a sinusoidal fashion until the limiting 
strain (or stress) is reached.  A DMA machine records the applied strain (or stress) and 
resultant stress (or strain) as a function of time.  Given that polymers are viscoelastic, 
they can be modeled as some combination of a spring and a dashpot, and there will be 
some phase lag, δ, between the two signals, as seen in Figure 1.5. 
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Figure 1.5. Example strain and stress data of viscoelastic material. 
 
Assuming the applied strain is described by: 
)sin(0 tωεε =  (1.1) 
where ε0 is the arbitrary amplitude, ω is the oscillation frequency, and t is time, then the 
stress in the spring is described by: 
)sin(0 tωσσ =  (1.2) 
where σ0 is the amplitude.  Note that the spring stress is in phase with the strain because it 
is perfectly elastic.  Given that deformation values are kept in the linear stress-strain 
region of the material, the Hooke’s law relation states 
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εσ E=  (1.3) 
so Equation 1.2 can be rewritten 
 )sin(0 tE ωεσ =  (1.4) 
The stress-strain relationship for a dashpot is 
εησ &=  (1.5) 
where η is the dynamic viscosity and ε&  is the first time derivative of the strain, called the 
strain rate. Thus, Equation 1.5 can be written 
⎟⎠
⎞⎜⎝
⎛
+==
2
sin)cos( 00
π
ωηωεωηωεσ tt  (1.6) 
Here we note that the dashpot maintains the same frequency as the applied deformation 
but with a 90º phase lag.  The term ηω can be thought of as a sort of “viscous modulus,” 
since the equation bears striking similarity to the standard Hookean law and the units of 
modulus and ηω are the same.  So, given any real viscoelastic material, the behavior must 
be described by some combination of the behaviors of two extremes of the model, the 
spring and the dashpot.  Thus, with a phase lag of δ, the response of the material to 
deformation can be written 
)sin(0 δωσσ += t  (1.7) 
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which can be expanded using the trigonometric equivalence for a summed angle within a 
sine function into 
[ ])sin()cos()cos()sin(0 δωδωεσ ttE +=  (1.8) 
When comparing this equation to the responses of the spring and the dashpot, it can be 
seen that Equation 1.8 can be simplified to 
)cos()sin( 00 tEtE ωεωεσ ′′+′=  (1.9) 
so that the contributions of the spring and dashpot behavior become obvious.  The 
variable E’ is called the storage modulus and it describes the elastic portion of the 
material’s response, and can be written 
)cos(δEE =′  (1.10) 
while E” is termed the loss modulus and it describes the viscous portion of the material’s 
response, and is written as 
)sin(δEE =′′  (1.11) 
The ratio of these two moduli is termed the loss tangent or simply tan(δ) and is defined as 
E
E
′
′′′
==
)cos(
)sin()tan( δ
δδ  (1.12) 
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The storage modulus is often used to describe the thermomechanical behavior of a 
polymer over a range of temperatures (such as defining Er), while the peak of the loss 
tangent is often used to define Tg [2, 33, 63, 65, 84, 93, 124]. 
1.4.3. Photo Differential Scanning Calorimetry 
Typical differential scanning calorimetry (DSC) is used to determine phase changes, 
crystallization, melting, and Tg in various materials by tracking the mass-specific heat 
flow (i.e. W/g) over given temperature range in an inert atmosphere.  The DSC machine 
does this by measuring the heat flow into a sample in a pan while using the heat flow into 
an empty pan to remove the contribution of the pan material to the overall heat flow and 
to extract the heat flow to (or from) the sample only.  PhotoDSC, on the other hand, 
tracks the heat flow out of a monomer during exposure to an ultraviolet source which 
causes the material to polymerize.  It determines the heat flow from only the sample by 
subtracting the contribution of the incoming light which is concurrently irradiating an 
empty reference location. 
Typically PhotoDSC studies are performed under isothermal conditions in an inert 
atmosphere so that various complicating effects, such as thermally-driven 
autoacceleration and oxygen inhibition, are negligible.  Variables that can be controlled 
and studied include irradiation intensity, the temperature for the reaction, and the ambient 
atmosphere composition.  Given the temporal exothermic characteristics of the 
polymerization alone, it is possible to determine total heat evolved by the reaction, as 
well as a normalized conversion rate and is useful for comparing various materials to one 
another in a relative sense.  If more specific information such as the monomer 
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composition, molecular weight, and the theoretical heat of conversion of relevant bonds 
(i.e. C=C to C-C) is available, it is possible to determine the absolute bond conversion as 
a function of time and the absolute rate of polymerization. 
1.4.4. Mechanical Testing 
Mechanical testing in tensile mode is used to determine the stress-strain behavior of the 
bulk-fabricated polymers.  The stress-strain behavior allows for the extraction of critical 
materials properties such as Young’s modulus, stress and strain at failure, overall 
behavior of the material (brittle vs. ductile), and toughness.  A polymer in the glassy state 
acts brittle, while a polymer in the rubbery state acts ductile as a general rule.  It is often 
more instructive to compare, for example, the behavior of polymers in the rubbery state 
rather than to compare the behavior of the polymers at the same absolute temperature. 
The macrostate of the polymer has a very strong effect and will overshadow the other 
variables which are often of more interest, such as network structure.  Therefore, the 
polymers herein were all tested at their respective Tg’s in order to facilitate behavioral 
comparisons; testing at Tg ensures that the polymers are in a similar viscoelastic 
macrostate.   
1.4.5. Fourier Transform Infrared Spectroscopy 
In Fourier transform infrared spectroscopy (FTIR), a thin sample of material is placed 
between windows which are invisible in the infrared range, such as KBr or sapphire, and 
subjected to a beam of radiation.  The amount of radiation transmitted through the 
sample, compared to what is incident on the sample, is recorded on the other side as a 
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function of wavenumber (inverse wavenumber) and compiled into a chart called a 
spectrum.  Different chemical groups absorb infrared radiation at different wavelengths 
due to the unique interaction of those wavelengths with the atomic vibrations of the 
particular bond.  The chemical groups can then be identified by their particular infrared 
“fingerprint” against a known set of exemplars.  Even in the case of some signature 
overlap, the spectra of the various groups can be deconvoluted [15] because of a priori 
knowledge of the signatures of the chemical groups.  The amount of radiation absorbed is 
proportional to the amount of groups the radiation encounters and interacts with as it 
traverses the thickness of the sample.  It is therefore affected by both sample thickness 
and the concentration of bonds present in the sample.  Therefore, if the sample thickness 
is known, then the number of moles of bonds can be determined based on the % 
transmittance at appropriate wavenumbers.  However, samples which are too thick will 
absorb so much radiation that the detector is unable to obtain a spectrum of the material 
in question, so thin samples are used to prevent absorption saturation, which can 
eliminate important information about relative amounts of different groups. 
FTIR is capable of scanning both solid and liquid samples, which is useful for performing 
“real-time” experiments where spectra are rapidly recorded at discrete points in time as a 
liquid monomer is polymerized under the influence of ultraviolet radiation.  Using the 
data from “real-time” FTIR allows for highly detailed information about polymerization 
rates and conversion percentages, delineated by chemical group.  As such, an FTIR is 
better able to track the polymerization of various groups within a sample than the 
PhotoDSC is.  The PhotoDSC tracks one signal (exothermic heat flow) that describes all 
of the reactions taking place, but FTIR is capable of tracking the disappearance and 
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appearance of multiple specific chemical groups concurrently.  Alternatively, spectra 
recorded both before and after polymerization allow overall conversion to be calculated 
for particular functional groups (which is still more detailed than PhotoDSC), but detailed 
conversion rates cannot be determined since intermediate data are missing.  Final 
conversion plays an important role in explaining certain polymer behavior.  For example, 
unconverted or residual monomer can often act as a plasticizer, reducing the Tg and Er of 
the polymer as compared to a polymer with fully converted groups. 
1.4.6. Microscopy 
Both optical and electron microscopy were employed in order to qualify and quantify the 
pattern transfer fidelity of polymer features created with photolithography.  Selected 
thiol-ene mixtures with median thermomechanical properties were photopatterned.  The 
amount of shrinkage of the thiol-ene polymer systems can be quantified as compared to 
thermo-mechanically equivalent (meth)acrylate systems.  Shapes, such as squares and 
circles, can be photopatterned in these various systems and the resultant dimensions 
measured via microscopy.  The final dimensions of the polymer shapes can be used as a 
quantitative measure, while shape can be used as a qualitative measure (i.e. does the 
square still look square, or are the corners extremely rounded?), of the ability of the 
polymer to act as a high-fidelity photopolymer. 
1.4.7. Sol-Fraction 
Sol-fraction testing is a method used to determine the amount of soluble material present 
in a sample.  A sample of polymer is massed and placed in an appropriate solvent in 
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which the monomer is soluble.  After a portion of time (generally 48+ hours), the sample 
is dried in an oven, and allowed to acclimate to room conditions again before a final mass 
is taken.  The difference between final mass and initial mass, normalized by the initial 
mass, is the sol-fraction percentage of the material.  Additionally, extractable, non-
participating impurities present in the monomer contribute to the sol fraction of a 
polymer.  Large sol-fractions can indicate high impurity levels or low conversion coupled 
with low network connectivity, since more material (in monomer and oligomer form) is 
soluble and can be readily extracted by the solvent. 
1.5. Purpose and Scope of Research 
The rationale for this research stems from the interest in thiol-ene polymers due to the 
various advantages they posses over acrylates, especially the reduced shrinkage that has 
been reported.  Given the current state of knowledge in the field, the kinetics of thiol-ene 
polymerization are well understood and many models have been developed which can 
accurately describe the reaction.  But there is still a lack of a complete characterization of 
the thermo-mechanical behavior of thiol-ene and thiol-ene acrylate polymers.  Because of 
their unique polymerization behavior, thiol-ene polymer mixtures have the potential to 
eliminate the choice that researchers are forced to make in photolithography – high 
pattern transfer fidelity vs. controlled polymer properties – and expand the range of 
properties that lithographically-produced polymers can exhibit. 
Additionally, TPS has emerged as a powerful and versatile technique for creating 
polymer structures on the order of micrometer scale.  However, before any devices can be 
properly designed for any particular mechanical role either in biomedical or MEMS 
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devices, the properties of the resultant polymers must be quantitatively defined.  
Establishing the link between the processing parameters used in TPS and the resultant 
properties of current polymers is a key step in expanding the use of TPS structures in 
functional applications.  Thus, the objectives for this research have been established to 
address these current limitations: 
1. Quantify the mechanical properties of TPS structures and understand the process-
property map (as compared to bulk) 
2. Understand the link between process, structure, and properties of thiol-ene/acrylate 
polymers for bulk behavior (e.g. shape memory) and for microscale fabrication 
3. Test thiol-ene/acrylate copolymers in standard photolithographic techniques and 
evaluate whether soft (low elastic modulus) and rubbery polymer structures can be 
made with this process and material combination. 
It is anticipated that the research proposed herein will have a significant impact on the 
understanding of thiol-ene and thiol-ene/acrylate network behavior.  Additionally, the 
research is projected to have a large impact on polymer photolithography and MEMS by 
providing the first quantitative mechanical characterization of TPS-produced materials 
and by introducing a new class of polymer that will allow for property control in 
photolithography without sacrificing pattern replication accuracy. Finally, based on 
results from the work described herein, recommendations on future paths for research 
will be made. 
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CHAPTER 2. NANOINDENTATION OF MICROSCALE POLYMER 
STRUCTURES FABRICATED VIA TWO-PHOTON 
STEREOLITHOGRAPHY 
2.1. Summary 
The research started with defining the mechanical characteristics, in both the bulk form 
and the photopatterned form, of an exemplar material used in photolithography.  Two-
photon stereolithography has emerged as a novel method for fabricating true three-
dimensional, submicrometer polymer structures via photopolymerization.  However, 
characterization of the structures has been limited to microscopy and some chemical 
analysis.  A mechanical evaluation of these structures has not been performed in the open 
literature.  In the current study, mechanical characterization via nanoindentation was 
performed on two-photon stereolithography-produced polymer structures over a range of 
processing parameters.  The properties were compared to those of bulk-photopolymerized 
samples of the same material.  Dynamic mechanical analysis was used to characterize the 
thermomechanics of the bulk sample at the macroscale and to determine the polymer’s 
state under ambient conditions.  A process parameter-to-property map was created and it 
was found that both stage translation speed and intensity have a strong effect on the 
mechanical properties, with intensity exhibiting a stronger effect on both modulus and 
indentation hardness.  It was also determined that two-photon stereolithography was 
capable of creating polymer structures that were stiffer and harder than those of bulk-
processed polymer. 
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2.2. Introduction 
2.2.1. Two-Photon Stereolithography 
Two-photon stereolithography (TPS) [125, 126] is a polymerization method developed in 
the last decade which allows for the precise control of photopolymerization in three 
dimensions at the sub-micrometer level [55, 127-152].  In typical laser lithography, free-
radical initiation depends on the integration of intensity which is essentially uniform for 
the light cone, and so the entire volume of the cone is polymerized.  Traces in laser 
lithography therefore create 2D layers whose thickness is controlled by the monomer 
liquid thickness; so-called 2½D (or quasi-3D) structures are created by polymerizing 
multiple layers one on top of the other.  In TPS, the initiator [127, 128, 133, 141, 153, 
154] requires the energy of two photons to reach the excited state, then radicalize, and the 
absorbance is proportional to the squared intensity (or higher) of the light [125, 129], so 
polymer forms only in the very small volume surrounding the focal point of the laser 
where the density of photons is great enough to generate free radicals from the initiator.  
The exact chemistry and absorption characteristics of this photoinitiator and associated 
materials are certainly key to the accuracy of the technique and are the subject of 
substantial recent and current research [127, 128, 133, 138, 141, 145, 154-158].  True 
three-dimensional, sub-micrometer precise, geometrically complex polymer structures 
[55, 128, 137] can be fabricated by scanning the laser focal point in three dimensions, 
performing progressive volumetric photopolymerization of liquid monomer solutions.  
Acrylate resins are commonly used in two-photon processing due to their high rates of 
photopolymerization [55]. 
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In order for TPS-produced polymer structures to act in any mechanically functional role, 
especially when integrated with silicon-based MEMS or in biomedical devices, the 
mechanical properties of the material must be established.  However, there is a dearth of 
mechanical analysis of the resultant structures in the current literature, due to both the 
small scale of the polymers and the relative youth of the process.  Thus far, 
characterization has been limited to qualitative estimations based on visual observations 
of the structural integrity of the part.  Establishing the link between the processing 
parameters used in TPS and the resultant properties of the polymers is a key step in 
expanding the use of TPS materials. 
2.2.2. Nanoindentation 
Nanoindentation is a method for determining the mechanical properties of materials at the 
nanoscale [112, 113].  The penetration of the tip into the sample material, as well as the 
force required to obtain the penetration, are recorded throughout the loading and 
unloading portion of an indentation.  The load-depth response, or compliance curve, of a 
material defines its properties.  Nanoindentation relies on contact mechanics first 
developed by Hertz [159, 160] and by Boussinesq in order to extract the material 
properties from a compliance curve. 
2.2.2.1. Contact Mechanics 
In elastic contact mechanics, the tip of the indenter comes into contact with the surface of 
the specimen and penetrates the surface, deforming it in a well-studied fashion.  Though 
initially developed by Love for the penetrations of a rigid circular [161] and conical [162] 
29 
punch into an elastic half-space, the mechanics have been adapted to include compliant 
indenters and also expanded by Sneddon to include penetration by an axisymmetric 
punch of arbitrary shape [163] and further by King [164] to include quadrilateral and 
triangular punches via the introduction of a geometric correction factor.  For the contact 
between a non-rigid indenter and an elastic half-space, the indenter can be modeled as 
perfectly rigid by introducing a “reduced” modulus for the elastic half-space, given by: 
i
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where E* is the reduced modulus, and E and υ are the elastic modulus and Poisson’s ratio 
of the given material, with the i subscript denoting the properties of the indenter and no 
subscript denoting the properties of the elastic half-space. Note that the Poisson’s ratio 
for the indented material must be assumed, and this can introduce errors.  The load 
required to drive a conical indenter into this elastic space is given by [165]: 
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where P is the load on the punch, α is the cone semi-angle, and ht is the depth of 
penetration of the indenter tip.  A schematic of the important quantities for a cone 
indenting an elastic half-space can be found in Figure 2.1. 
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Figure 2.1. Geometry of elastic half-space and conical indenter in cut-away view. 
Dashed line is original specimen free surface, thick solid line is deformed specimen 
surface, and thick solid line is the cone edge. 
 
Other important indentation parameters that appear in Figure 2.1 are: a, the radius of 
contact, hp, the actual depth of penetration, and ha, the distance from the specimen free 
surface to the circle of contact.  The radius of the circle of contact, a, for a cone is related 
to the penetration depth, hp, by: 
αtanpha =  (2.3) 
The actual penetration depth, hp, can be determined by combination of the following two 
equations [113, 163], noting that ht is the measured indentation depth: 
pat hhh +=  (2.4) 
S
Pha ε=  (2.5) 
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where ε is a geometrical factor related to the indenter geometry (ε=1 for flat punch, 
ε=0.75 for a parabaloid of revolution, or ε=0.72 for a cone), P is the applied load and S is 
the measured stiffness (initial slope of unloading curve).  While the above analysis was 
developed for an axisymmetric indentation cone, it can be applied non-axisymmetric 
indenter tips (such as the triangular Berkovich tip) due to geometric similarities by 
introducing geometry and intercept correction factors as mentioned earlier. 
2.2.2.2. Nanoindentation Description and Procedure 
A typical nanoindentation test consists of a surface-find segment, a loading phase, a hold 
segment (optional), and an unloading phase.  The surface-find segment essentially 
consists of initiating an indentation with high force sensitivity, and once the indenter 
senses a force above a certain threshold, the indenter tip is considered to be in contact 
with the specimen surface.  Figure 2.2 shows a schematic of results from a representative 
nanoindentation test, displaying load (P) versus depth (h).  The important features of the 
graph are that the loading curve (upper portion) shows elastic-plastic deformation, while 
the unloading portion of the curve (lower right-hand side) exhibits purely elastic 
deformation in reverse, to a final residual depth of hr.  The reason that the lower portion 
of the curve is not a straight line (denoted by dP/dh) is because the contact area is 
constantly changing during load removal, due to the geometry of the indenter tip.  The 
distance he on the graph is the elastic recovery depth of the material.  Note that hp on the 
graph can be determined by taking the initial slope of the unloading curve – called 
contact stiffness, S (i.e. dP/dh) – and extrapolating it from peak load, Pt, to zero load.  
Also, note that ht is the total penetration depth at peak load. 
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Figure 2.2. Typical load vs. depth indentation compliance curve. 
Evident is elastic-plastic loading and elastic unloading.  P is load and h is penetration 
depth. 
 
Variations on this simple cycle can be added for various investigations.  Adding a small 
sinusoidal displacement to the overall displacement of the tip (a procedure called 
Continuous Stiffness Measurement, or CSM, by MTS Systems, Inc.) during loading can 
reveal both material properties as a function of depth and viscoelastic behavior in 
polymers [166, 167].  Polymeric viscoelastic behavior includes material storage effects, 
which are evident in the damping which occurs between applied load and resultant 
displacement.  The CSM technique is also a much more accurate way to find the 
specimen free surface, since the harmonic stiffness undergoes a sharp and dramatic 
change at surface contact [112], whereas the force change is more gradual and it is harder 
to define the surface by conventional methods.  Partial unloading during the load 
sequence can also yield depth-sensitive material property information, but the CSM 
technique is a more advanced method for attaining these results.  Holding the indenter tip 
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at the maximum force and recording the resulting displacement change as a function of 
time can reveal the effects of creep in polymeric [168, 169] and metallic systems.  
Adding a small hold segment to the unloading portion of the cycle at low load can allow 
later data compensation for thermal drift in the material/indenter.  Other types of tests 
that a properly equipped nanoindenter can run include ramp-loading scratch tests to 
determine film-substrate adhesion as well as atomic force microscope (AFM)-like surface 
feature measurements. 
There are many different tips available for nanoindentation, such as Berkovich  – an 
equilateral three-sided pyramid, Vickers – an “equilateral” four-sided pyramid, Knoop – 
a four-sided pyramid with long and short axes, cube-corner, spherical, and conical 
indenters.  Different tips are used for different studies.  The Berkovich tip is perhaps the 
most common, because it is easiest to create a sharp point on a three-sided pyramid 
(whereas a line-point is almost inevitable in a four-sided Vickers tip).  On the other hand, 
the Knoop indenter has the unique property that elastic material recovery occurs mostly 
on the short axis, while the long axis remains nearly unrecovered during the unloading 
process.  Researchers can use this unique property to determine anisotropic elastic 
properties of indented materials. 
A critical parameter for nanoindentation testing is the projected area-to-depth ratio of the 
indenter tip.  Vickers and modified Berkovich indenters have the same ratio by design.  
Post processing uses this “area function” (A(h) = 24.5h2 for ideal Berkovich, Vickers, and 
equivalent cone indenters) to compute the mean contact pressure (or indentation 
hardness, H=Pt/A) as a function of load and depth.  However, before any investigations 
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can be performed, the tip shape must be calibrated.  Typically, the tip is indented into a 
known reference material (i.e. fused silica SiO2, nominal modulus E=72 GPa) a number 
of times to different depths, and then a tip area function is computed.  The area function 
typically follows the form: 
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1 ... ppppp hChChChChCA +++++=  (2.6) 
where hp is the depth of penetration from the circle of contact, as before, and C1-C8 are 
constants determined from the indentations of the calibration sample.  Following the 
approach of Oliver and Pharr [112, 113], once the material is indented and the 
compliance curve is obtained, the modulus of the material can be determined from the 
formula: 
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π
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=  (2.7) 
along with Equation 2.1.  The geometry correction factor, β=1.034 for Berkovich 
indenters based on finite element simulations of flat ended punches with triangular cross-
sections [164], accounts for the lack of an axisymmetric geometry. 
2.2.2.3. Importance of Nanoindentation 
Nanoindentation is an important technique because it allows investigators to examine 
materials in ways that were impossible before.  Due to the small indentation scales, 
investigators can now probe the response of near-surface molecules, which may have 
35 
different responses than bulk molecules due to free-surface energy and other surface 
interaction contributions.  Even the response of small volumes of material at high 
resolution can be compared to the bulk material response obtained with normal 
indentation techniques.  Also, researchers can exploit this particular aspect of 
nanoindentation to characterize thin films.  Thin films are typically on the order of 
hundreds of nanometers to hundreds of micrometers thick, so nanoindentation is 
particularly suited to determining the properties of these films without including 
properties of the substrate.  In addition to testing the material properties of the films 
themselves, nanoindenters can be instrumented to perform force-ramp nano-scratch tests, 
which allows investigators to determine the quality of adhesion between the film and the 
substrate.  Furthermore, the small size of the indenter tip itself allows for more testing 
flexibility.  Researchers can test the properties of single grains in a metal alloy, or even 
micron-scale structures [170, 171] and individual components of MEMS devices.  
Nanoindentation is also particularly suited to research for this small-scale aspect;  
prototype materials fabricated in laboratories are often created in small quantities at great 
expense, so the smaller material volumes required for nanoindentation evaluation can be 
a great fiduciary benefit over the larger volumes required for typical indentations. 
A feature of nanoindentation that is equally as important as testing at small depths and 
small scales is the fact that nanoindentation is a depth-sensing indentation.  This allows 
for the introduction of new techniques such as CSM, which allows investigators to 
determine material properties as a function of depth; this depth-dependent measurement 
is not feasible using standard indentation techniques.  CSM also allows researchers to 
evaluate viscoelastic material properties, which are especially critical in characterizing 
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polymer systems and structures.  Finally, nanoindentation is more of a self-contained 
testing and evaluation technique, as the material properties are determined almost 
instantaneously.  Nanoindentation does not rely on another step, such as optical 
examination for the determination of the size of the residual impression, to characterize 
the material in question.  This can lead to a quicker iterative process as results are 
generated during the test, rather than after a second or third step. 
2.2.2.4. Critical Technologies 
2.2.2.4.1. MTS Nanoindenter XP® 
Any nanoindenter is instrumented only to output raw force and displacement data.  The 
majority of the material property determination occurs in post-processing of this raw 
data, based on the analysis methods described earlier.  Here, the driving technology in the 
Nanoindenter XP® by MTS Systems, Inc. will be described in some detail to provide a 
basic understanding of the underlying mechanisms and measurement techniques of this 
particular indenter.  Obtaining force and displacement at such small scales by this method 
is by no means unique; many other competing companies have invented variations on 
nanoindentation instrumentation to obtain data at such scales. 
The very heart of the Nanoindenter XP® by MTS NanoSystems, Inc. is a device called 
the Nano Mechanical Actuating Transducer, or NMAT.  A schematic view of the NMAT 
can be found in Figure 2.3, with the various components labeled and color-coded. 
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Figure 2.3. Side cut-away view of components of nanoindenter transducer. 
 
The NMAT has two salient features which can be seen in the above figure, namely the 
capacitive displacement sensor and the coil/magnet assembly.  The capacitive sensor 
consists of three plates, the two stationary outer ones (with holes for the indenter shaft) 
forming a sandwich for the third mobile plate, which is connected to the indenter shaft.  
The capacitive sensor is highly sensitive to plate separation changes and is the 
displacement sensor for the nanoindenter; it purportedly has a resolution of better than 
0.01 nm, though the displacement noise floor for this is reported to be about 0.2 nm.  This 
is a more accurate measure of the practical resolution of the machine, and is usually 
obtained under ideal laboratory conditions. In service, the NMAT is inverted from the 
images shown, and the “free end” of the shaft (where P, the load, is indicated in Figure 
2.3) is connected to the indenter tip; the capacitive sandwich measures the displacement 
caused by the coil/magnet combination at the base of the NMAT.  The coil and magnet 
combination at the base of the indenter shaft is connected to a high precision current 
source.  The current from the source, which is constantly monitored by the software, 
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creates a magnetic field within the coil and provides a motive force for the magnetized 
end of the indenter shaft.  Overall, this coil and magnet, along with the high-precision 
current source, provides a force resolution of 50 nN.  The springs which are evident in 
Figure 3.1 are for supporting and guiding the indenter shaft.  As such, the springs are 
designed to be thin and highly flexible in the axial travel direction, while they are stiff in 
the lateral/transverse direction to prevent undesirable and potentially damaging sideways 
motion of the indenter shaft.  This device is not designed to measure or withstand torsion. 
The NMAT can be run in several modes to achieve different testing methods.  However, 
due to the construction of the NMAT device, the MTS Nanoindenter XP® is a force-
resolved/ load-controlled instrument.  The only mode which does not require feedback 
from the capacitive sensor is the standard indentation technique, in which the NMAT 
records the force induced by the magnetic coil and the resultant displacement.  Also, 
holding the indenter tip at the maximum force and recording the resulting displacement 
for creep testing does not require feedback.  One mode that requires feedback is the 
“displacement” version of the creep test.  The tip is held at a constant displacement by the 
force-coil, which uses feedback information from the displacement sensor to maintain the 
tip position.  The indenter then measures the force relaxation as a measure of creep 
behavior.  Another method that requires feedback from the capacitive sensor includes the 
CSM/sinusoidal loading technique.  The current source and coil need information from 
the displacement sensor in order to determine when to locally retract or extend the 
indenter tip.  Finally, a standard method which requires feedback is the maximum 
displacement test, in which the condition for the end of the loading phase is when a 
certain depth is reached, as opposed to when a certain load is reached. 
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There is also a low-load accessory for the Nanoindenter XP® called the Dynamic Contact 
Module (DCM).  Due to its high resonant frequency, low damping coefficient, and 
increased dynamic frequency, this module is less sensitive to environmental noise [165].  
This allows for incredible theoretical displacement resolution of 0.0002 nm and a load 
resolution of 1 nN, which is appropriate for detecting surface forces on the atomic scale. 
Typically, the noise level of the displacement sensor is controlled by the impedance of 
the transducer, and allows for much higher resolution than possible with strain gauges.  
Generally, the resolution is also limited by the thermal stability of the transducer 
elements themselves.  Displacement transducers of comparable resolution have been 
patented by various companies, such as Hysitron [172, 173].  Other types of indenters 
(such as the CSIRO “UMIS®” [174]), which use high-quality linear variable differential 
transformers, report displacement resolutions of 0.03 nm (with a 0.05 nm noise floor) and 
force resolution of 500 nN (750 nN noise floor).  By implementing an environmental 
chamber, which includes insulation against environmental and electromagnetic noise, 
thermal barriers, and vibration isolation tables, high-resolution data can be obtained in the 
laboratory.  AFM users rely on similar safeguards to obtain their data. 
2.2.2.4.2. Nanoindenter Tips 
Many different companies produce nanoindenter tips.  Typically, nanoindenter tips are 
made of diamond or sapphire, though they can be fabricated from quartz, silicone, 
tungsten, steel, and tungsten carbide.  Though the fabrication methods (e.g. grinding) for 
the different types of materials and shapes (Berkovich, Vickers, spherical, etc.) varies, all 
nanoindenter tips must meet the requirements of the international calibration standard 
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ISO/IEC 17025.1 and the dimensions and angles must comply with the ISO 14577 (part 
2) standard.  This latter standard defines internationally accepted micro and nanoindenter 
tip tolerances and machine calibration, whereas the first part of the standard defines the 
acceptable procedures.  For example, a unique method recently investigated [175, 176] 
for achieving AFM tip-like sharpness on a diamond nanoindenter tip is the focused ion 
beam milling technique.  AFM imaging has been used to quantify the size and shape of 
nanoindenter tips (the area function), and the image data have been used as a comparison 
to standard area function calibration procedures, such as indenting a fused silica sample 
[177].   
2.2.2.5. Error Sources 
In nanoindentation errors can, in general, come from two places; there are sample/ 
material-related errors, which often result from the assumptions made in the 
nanoindentation analysis, and instrument-related errors.  Instrument errors are often 
simply resolved by performing the proper calibrations before executing the experiments.  
However, based on discussions in the literature, some possible instrument errors have yet 
to be resolved in an acceptable fashion. 
2.2.2.5.1. Sample-related 
2.2.2.5.1.1. Pile-up 
As seen in Figure 2.1, nanoindentation analysis assumes that the surface of the material 
responds in a typical elastic fashion, and deflects downwards with the indenter tip.  
However, it has been found by some investigators that in some rare cases that the 
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material actually climbs the indenter tip.  This is termed “pile-up” and generally only 
occurs when the material has both a high E/σy and does not exhibit any work hardening 
[112].  Pile-up behavior will greatly change the actual area of contact of the indenter, and 
this will introduce major errors if it the normal assumption of a depressed surface is 
made.  So far, researchers have had limited success in determining the proper way to 
account for pile-up in various materials [178]. 
2.2.2.5.1.2. Creep 
Many polymer systems exhibit some form of creep, or force/displacement relaxation.  
Ignoring this behavior in the testing phase can lead to unexpected results in the data 
analysis phase.  The contact stiffness, and therefore elastic modulus, is derived from the 
initial unloading data, which assumes that the contact area is roughly constant while the 
material elastically recovers part of its initial shape.  However, in systems that exhibit 
creep, the material continues to deform for a short time even after the loading is reversed.  
This leads to a “nose” in the compliance curve [179], and can result in negative values for 
the contact stiffness.  To combat this behavior, researchers typically include a hold 
segment in the experiment, where the indenter tip is held at a constant force for a period 
of time.  Thus, the material has time to reach a quasi-equilibrated state where the viscous 
portion has relaxed so that when the tip is retracted, the material elastically recovers in 
the usual manner. 
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2.2.2.5.1.3. Surface Contact Uncertainty 
Surface roughness, extreme sample compliance, and surface forces/adhesion can become 
sources of error in nanoindentation.  In both cases, it becomes difficult to determine when 
exactly the indenter tip comes into contact with the actual surface.  Large asperities can 
impact the indenter tip on a face long before the tip actually reaches the true nominal free 
surface of the specimen.  Also, asperities increase the contact surface area of the indenter 
in much the same way as in pile-up behavior. 
Very compliant materials pose a problem for nanoindenters from a resolution standpoint.  
Most nanoindenters rely on a change in force level to indicate contact with a material, 
and compliant materials may not provide a large enough resistance to the indenter tip for 
the indenter to recognize that contact has been achieved.  The newer CSM technique 
changes the contact criterion to that of a harmonic stiffness change, and this can be a 
more accurate way to determine the initial contact with a complaint material.  However, 
when establishing the experimental surface datum, both methods require some small 
penetration into the surface, and this initial surface penetration must be taken into account 
when performing subsequent experiments. 
In some cases, materials may have surface forces or exhibit adhesion, and this causes 
errors because this material behavior departs from the Hertzian assumptions of 
nanoindentation.  This in essence amounts to something like pile-up, but can also include 
additional forces and behaviors that would affect the compliance curve, as the retracting 
tip would actually “pull” the material back upwards, rather than simply allowing the 
material to elastically recover, per the usual. 
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2.2.2.5.1.4. Residual Stresses 
The analysis procedures mentioned previously all assume that the material surface is 
initially free of stresses.  Certain processing or material preparation techniques can leave 
residual stresses within an experimental sample, however.  These stresses typically 
change the strain level at which material yield will occur.  Some researchers, such as 
Roberts et al. [180] have determined ways to evaluate the residual stresses in materials 
using nanoindentation, though this is a specialized case and is not very common. 
2.2.2.5.1.5. Poisson’s Ratio: Error Propagation 
Solving Equations 2.1. and 2.7 for the elastic modulus of the sample yields: 
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where S = dP/dh (the contact stiffness), β is the geometric correction factor, A is the tip 
area, Ei is the indenter modulus of elasticity, υi is the indenter Poisson’s ratio, and υ is the 
Poisson’s ratio of the sample.  Using standard root-sum-squares error propagation 
procedures to find the fractional uncertainty in E based on the uncertainty in the 
Poisson’s ratio, we arrive at the equation 
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where from Eqn. 2.8 we know that 
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The fractional uncertainty in E is then 
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Now, for example, assuming that υ is 0.3 (a general value for polymers) and that there is 
a 25% uncertainty in the Poisson’s ratio (which is larger than typically acceptable), we 
will obtain a rather “worst-case” estimate of the fractional uncertainty in the elastic 
modulus of the sample.  Using Eqn. 2.11, we find that the fractional uncertainty in the 
sample elastic modulus is less than 5%.  Therefore, supplying an educated guess for a 
value for the Poisson’s ratio based on general knowledge of the material will yield a 
relatively reliable sample elastic modulus. 
2.2.2.5.2. Instrument-Related 
2.2.2.5.2.1. Noise and Resolution 
As with all measurement techniques, there are error sources related to machine resolution 
and noise.  There are limits to the level of force and displacement that can be accurately 
measured by a nanoindenter.  Variations below this resolution limit are unable to be 
discerned, and this can lead to error propagation.  Along this vein, nanoindenters are also 
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quite susceptible to environmental noise due to the resolution scale of the forces and 
displacements.  This environmental noise is often of the magnitude and frequency that it 
hinders data analysis (especially when implementing the CSM technique), and, in rare 
cases, is enough to entirely disrupt the experiment.  Environmental chambers and 
vibration isolation tables are often employed to combat the effects of noise. 
2.2.2.5.2.2. Thermal drift 
Thermal drift occurs when there is a thermal mismatch between the indenter, sample, and 
environment.  Often, the effects of thermal drift manifest themselves in much the same 
way as those of creep.  Dimensional changes due to tip or sample heating or cooling can 
alter applied forces, contact areas, or tip displacements.  These contributions will 
certainly affect the resulting measurements for elastic modulus and indentation hardness.  
On a positive note, thermal drift can often be differentiated from creep in a certain 
fashion – introducing a hold segment at low load in the unloading portion (when creep is 
much less likely to occur) can reveal thermal drift contributions.  The data for the entire 
experimental run can then be corrected based on the data gathered from the thermal drift 
characterization. 
2.2.2.5.2.3. Tip area function 
Calibrating the indenter tip is one of the most critical steps towards obtaining meaningful 
results from a nanoindentation.  Typically, the area function for the tip is calibrated on a 
sample of fused silica using multiple indentations of various final depths.  Due to the 
nature of indentations, errors in this area function are most prominent at small indentation 
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depths, where the area function depends heavily on initial loading data, which itself can 
be wrong due to uncertainties in initial tip-to-surface contact.  Also, due to the small 
cross-sectional area of sharp tips at small penetrations, area errors tend to be 
proportionally larger.  General errors in the tip area function will present themselves 
throughout the indentation however, so proper calibration is critical. 
The area function calibration is technically only valid up to the depth to which it 
penetrates the fused silica sample.  A more robust, though less accurate, fit can be 
obtained by using only positive coefficients, which allows the fit to be applied to depths 
deeper than the calibration depth.  Certain material systems, such as polymers, are much 
more compliant than the fused silica.  Since nanoindenters are typically force-resolved 
devices, at maximum load, the indenter tip penetrates further into a softer material.  
Therefore, though the area function for the tip was calibrated up to a certain depth using 
the fused silica, the tip penetrates much further into the polymer and the area function is 
then extrapolated to cover the increased depth.  There is still some discussion as to 
whether this approach is valid. 
2.2.2.5.2.4. Instrument Compliance 
Proper instrument calibration also includes a step for accounting for the compliance of 
the load frame of the nanoindenter.  The frame of the machine itself can deflect under 
load, as depicted in Figure 2.4.  The displacement transducer within the machine has no 
way of differentiating between frame deflection and sample penetration; frame deflection 
can introduce false sample penetration values, which will significantly alter the material 
properties derived from the ensuing data.  Again, using a fused silica calibration standard 
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and calibration techniques specific to each machine, researchers can account for the 
compliance of the load frame, and eliminate the component of the machine deflection 
from the force-vs.-displacement data for the indentation experiment. 
 
Figure 2.4. Exaggerated deflection of compliant load frame. 
Black frame is in relaxed state, grey is loaded state. 
 
2.3. Experimental 
2.3.1. Materials 
The monomer used, as-received, was the propoxylated glyceryl triacrylate SR9020 
(Sartomer Corp.), the structure of which is shown in Figure 2.5. 
 
Figure 2.5. Chemical structure of SR9020 
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Bulk-polymerized samples used 2,2-dimethoxy-2-phenylacetophenone at a concentration 
of 0.1 wt% as an ultraviolet photoinitiator.  For TPS, the photoinitiator used was E,E-1,4-
bis[4-(di-nbutylamino)styryl]-2,5-dimethoxybenzene (DBASB), at a concentration of 0.1 
wt%.  DBASB is an extremely effective two-photon photoinitiator which exhibits a 
maximum absorption cross-section at 730 nm of 900 GM (1 GM=10-50 cm4·sec/photon).  
The exposure conditions tested are listed in Table 2.1. 
Table 2.1. Exposure conditions for SR9020 structures. 
Stage Speed (mm/s) Power (mW) (before objective) 
80 20 30 40 60 80   
40 10 20 30 40 60   
20 10 20 30 40 60   
10 5 10 15 20 30 40  
1 5 7.5 10 12.5 15 20 30 
 
2.3.2. Methods 
Three bulk-polymerized sheets were created by injecting the monomer/initiator solution 
into a mold consisting of two slides separated by 1 mm spacers and secured with binder 
clips and exposing the mold to a UVP Blak-Ray® 365nm UV light (intensity ~8 
mW/cm2) for 5 minutes.  Prior to injection, the slides were thoroughly cleaned with 
acetone. 
Samples for dynamic mechanical analysis (DMA) were obtained by excising a portion of 
the polymer sheet with a razor blade and polishing the edges with 800- and then 1200-grit 
silicon-carbide sandpaper, to arrive at final specimen dimensions of approximately 20 
mm x 4.5 mm x 1 mm.  A TA Instruments Q800 DMA was used to obtain the storage 
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modulus (E’) and loss factor (tan δ) curves in tensile mode.  The samples (n=2) were 
cooled to 0 ºC, equilibrated for 2 minutes, and then ramped at a rate of 2 ºC/min to 240 
ºC.  The frequency was set to 1 Hz, the force track was set to 150%, and the strain level 
was set to 0.1%.  Tg was determined by the peak of the tan(δ) curve, Er was defined as the 
lowest point in the storage modulus curve, and Eroom is the storage modulus at room 
temperature.  All DMA values are reported as arithmetic mean ± difference to maximum 
or minimum. 
Two-photon stereolithography was performed with a Spectra-Physics Tsunami 
Ti:Sapphire oscillator operating at 730 nm and a repetition rate of 82 MHz with 80 fs 
pulses.  The apparatus consisted of a 10x expansion telescope which was used to 
effectively overfill the Nikon NA = 1.4, 60 oil immersion plan apochromat objective that 
focused the laser into the monomer.  A microscope slide treated with 3-
(trimethoxysilyl)propyl methacrylate (an adhesion promoter) was used as a substrate. The 
monomer solution was contained in a cell bounded by the adhesion-promoted microscope 
slide and a coverslip, separated by a 50 µm thick Teflon spacer-washer.  The structures 
were bars of varying length but were all 20 µm wide (in 50 nm lateral steps), as seen in 
Figure 2.6, and 18 µm tall (60 layers using 300 nm steps).  This spacing was chosen to 
ensure sufficient overlap of the polymerized voxels created by the two-photon technique 
[181].  The bars were fabricated by translating the slide via a computer-controlled 
Newport XPS 3D positioning stage while the laser focus stayed fixed.  Following 
exposure, the slide was rinsed twice in methanol for a total of fifteen minutes in order to 
wash away the residual unexposed monomer and develop the solidified structures. 
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Figure 2.6. Optical micrographs of two-photon polymerized bars. 
(a) 20x of bars in parameter array (b) 50x of excellent bar (c)50x of damaged bar. 
 
Nanoindentation was performed on a Nanoindenter XP® (MTS NanoInstruments) with 
the dynamic contact module (DCM) column outfitted with a diamond Berkovich tip and 
utilizing the continuous stiffness measurement (CSM) technique for accurate surface 
contact determination [112].  The parameters for all of the indentations were: a maximum 
depth of 1500 nm, an indentation strain rate of │0.05 s-1│, a harmonic frequency of 45 
Hz, and a harmonic amplitude of 2 nm.  The tip was calibrated using an SiO2 standard 
with five positive coefficients.  The TPS materials were indented to ~10% of the overall 
thickness (~1800-2000 nm) to obtain the maximum amount of data, which is beyond the 
range of an accurate fit to SiO2, given that the indenter was not capable of penetrating the 
SiO2 more than 400 nm.  Therefore, a robust, all-positive coefficient fit to SiO2 can be 
used beyond the calibration range, but such a fit is inherently less accurate. 
2.4. Results 
DMA revealed (Figure 2.7) that the Tg of SR9020 was 78.6±1.77 °C and that the 
transition was broad (~90 ºC) as determined by tan(δ).  It further showed that Er was 
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235.7±1.45 MPa. The modulus of the material at room temperature, or the conditions 
where nanoindentation was performed, was 1858.5±43.5 MPa. 
 
Figure 2.7. Results from dynamic mechanical analysis of SR9020 
 
One exposure condition from the first sample was underexposed and did not result in a 
structure that was able to be indented: 80mm/s with 20 mW.  The exposure conditions 
from the first sample which hindered indentation due to a cratered surface (Figure 2.6c) 
caused by excessive polymerization heat evolution and resultant local monomer boiling 
were: 1 mm/s with 20 and 30 mW, 20 mm/s with 60 mW, and the majority of the 10 
mm/s and 40mW bar. 
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The load-depth (or compliance) curves for various selected materials are shown in Figure 
2.8.  The low depth detail can be seen in the inset – all of the materials begin with a 
negative load-displacement behavior; the deepest-to-shallowest return to zero load 
matches with the lowest-to-highest maximum load during indentation order, with the 
exception of the reversal of the 10 mm/s and 20 mm/s materials and the bulk material, 
which exhibited the shallowest return to zero load. 
 
Figure 2.8. Compliance curves for representative processing conditions. 
Inset: low depth detail highlighting ‘adhesive’ behavior. 
 
Due to the load-controlled, depth-feedback construction of the MTS Nanoindenter XP, 
the indentation depths exceeded the desired input.  However, modulus data from the 
CSM technique did not indicate an increase in modulus beyond the “rule-of thumb” 10% 
penetration depth, so any unload modulus value at 11 or 12% depth is still representative 
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of the polymer material and does not incorporate any substrate effects.  Thus, the slope of 
the unload portion of the compliance curve was used to calculate the elastic modulus in 
the typical fashion [113], and is shown in Figure 2.9 as a function of both input power 
and stage translation speed.  The modulus for the 80 mm/s and 80mW condition was the 
highest at 1.395 GPa, and the lowest modulus was 29.85 MPa for 10 mm/s and 5 mW.  
The modulus of the bulk-polymerized sample is indicated by a horizontal gray line, and is 
1003±13.63 MPa.  The general shape for a given speed is a linear decrease with wattage, 
and there are two distinct regions with different slopes.  Power settings above 20 mW 
result in a slope of ~23 MPa/mW; at power settings of 20 mW and below, the slope is a 
little less than half of that at ~10 MPa/mW. 
 
Figure 2.9. Graph of unload modulus, grouped by exposure condition. 
Horizontal gray line indicates bulk-polymerized modulus from nanoindentation. 
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Figure 2.10. Graph of indentation hardness at maximum load (quasistatic). 
  Horizontal gray line indicates indentation hardness of bulk-polymerized material. 
 
Figure 2.10 summarizes the quasistatic indentation hardness values for each material at 
maximum load.  The maximum indentation hardness was 57.9 MPa for 80 mm/s and 80 
mW while the lowest value was 4.26 MPa for 10 mm/s and 5 mW.  The indentation 
hardness of the bulk-polymerized sample was 53.4±0.965 MPa, and is denoted in the 
figure by a horizontal gray line.  The general trends for the hardness vs. power are similar 
to that for the modulus vs. power with the same threshold power of 20 mW and rough 
ratio between the slopes of the two regions (0.921 MPa/mW in higher power region: 
0.426 MPa/mW in lower power region). 
Figure 2.11 shows the same data from Figure 2.9 except the exposure parameters have 
been collapsed into a single parameter – dose.  The modulus values, when graphed 
against dose (calculated as v
Powerdose
4
= ), show a nonlinear saturation behavior as 
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the dose is increased.  The indentation hardness data exhibit similar trends when plotted 
against dose in this fashion (not shown). 
 
Figure 2.11. Elastic modulus vs. dose for SR9020 structures, using n=4 photons for 
multi-photon dose calculations. 
 
2.5. Discussion 
From information obtained from DMA, it is apparent that, as anticipated from the 
structure of the monomer, the general structure of SR9020 is a highly crosslinked three-
dimensional network polymer.  The transition from glassy to rubbery is very broad as 
evidenced by the breadth of the tan(δ) and the onset point is not sharply defined by the 
storage modulus.  However, it is clear from tan(δ) and the magnitude of the storage 
modulus that SR9020 is still in its glassy state at room temperature. 
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The SR9020 exhibits a seemingly adhesive behavior at first contact, where the tip is 
pulled into the surface during initial penetration and denoted by a negative load-depth 
relationship (Figure 2.8).  There is a relationship between initial compliance and the 
depth at which the load returns to zero.  More compliant materials tend to return to zero 
load more quickly and reach a smaller maximum negative load than less compliant 
materials.  However, the consequences of this behavior on the bulk response are thought 
to be minimal because even the deepest return to zero load takes place in 2/3 of the first 
layer and the maximum negative load is less than 0.1% of maximum load during 
indentation. 
The TPS materials showed a more compliant behavior at low depths and less compliant 
behavior at larger depths during loading than the bulk material, denoted by the lower and 
then higher load compared to the bulk material for various depths (Figure 2.8).  This 
behavior is indicative of the sequential and layered construction of the bars created by 
two-photon processing. The indenter encounters little resistance at low penetration depths 
as few layers are encountered, but as more layers are penetrated, the interaction between 
layers becomes more pronounced and the indenter encounters the true “bulk” behavior of 
the material.  Upon unloading, sufficient layers are penetrated that the response is 
indicative of the bulk of the material itself and not of the surface layers. 
Power (or intensity) has more of an effect on the modulus and hardness of the SR9020 
created via TPS than translation speed does (Figure 2.9 and Figure 2.10).  Halving the 
power results in greater decreases in modulus than doubling the speed does, for example.  
This can be expected, given the power-law dependence of dose on intensity for a multi-
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photon process ( v
ItIdose
nn
=∝  where n is the number of photons).  The general trends 
for modulus and hardness as speed and power are changed follow accepted behavior for 
standard processing - low speeds and high powers both result in a higher applied dose.  
The modulus vs. dose relationship is shown in Figure 2.11 for a 4-photon process*, 
indicating that there is saturation behavior for the network behavior relative to dose as 
dose is increased.  A higher dose generally translates to higher conversion, and higher 
conversion in this case leads to a more fully crosslinked network.  Under the same testing 
conditions, materials with high crosslink density will be stiffer and harder than the 
equivalent chemistry with less dense crosslinking.   
Additionally, though the bulk-polymerized material has reached maximum conversion 
given its polymerization conditions, it is less stiff and slightly softer than some materials 
polymerized and more fully converted using the conditions for TPS as shown in Figure 
2.9 and Figure 2.10.  This apparent discrepancy of variable maximum conversion and 
crosslinking density of the materials can be attributed to the fact that in 
photopolymerization, intensity as well as dose plays an important role in overall 
conversion.  At equivalent dosages, it is typical for higher intensities to result in higher 
conversion levels in acrylates [47, 183, 184] due to increased heat evolution and 
enhanced molecular mobility, which is critical in the later diffusion-limited stages of 
acrylate polymerization. 
                                                 
 
* A 4-photon process has been identified for this initiator-material system in previous 
work [182].  Though a two-photon process still radicalizes the initiator, it has been 
proposed that a 4-photon process causes an ionization process which eventually 
radicalizes both the dye (initiator) and acrylate molecule in a more statistically significant 
process.  Nanoindentation results support the hypothesis of a 4-photon process. 
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There are essentially two regions in both the modulus vs. speed and the hardness vs. 
speed graphs.  These two regions in each graph are differentiated by the trendline slopes, 
and are separated by the 20 mW threshold.  It is possible that below this power setting, 
there is insufficient heat generation to promote diffusion in the gelled network, given the 
thermal characteristics of the monomer and polymer.  Overall conversion would be 
relatively lower, so that small increases in power result in small increases in overall 
conversion.  However, above this setting, the polymerization rate is high enough to 
generate a sufficiently large exotherm to allow for higher conversions, such that small 
increases in power generate much larger exotherms and conversion is greatly increased.  
It is anticipated that because the overall dose affects the conversion as well, a study 
which uses finer power steps around 20 mW would determine the particular threshold 
power setting based on platform translation speed. 
2.6. Conclusions 
Nanoindentation is a very versatile method for determining the characteristics of a broad 
range of materials.  It has opened the door to a world of new studies, including thin film 
adhesion studies and micron-scale structure testing.  Researchers have used 
nanoindentation to measure properties of biological materials, such as the wax layer on 
pitcher plants and the mandible of an ant.  However, nanoindentation analysis is based on 
some assumptions which eliminate certain groups of materials from the basic procedures.  
Strongly adhesive materials which artificially recover due to adhesion to the tip during 
retraction instead of purely elastic recovery, non-work hardening metals which pile-up 
excessively, and rough materials with irregular and large asperities are all currently not 
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well-suited for nanoindentation because of the errors that are introduced and not 
accounted for in the assumptions.  Given the material studied, the aforementioned errors 
do not apply, even though the material does exhibit a very weak “adhesive” response 
during initial contact.  Nanoindentation suffers from a range of errors, many of which 
have been resolved, and others which have begun to be quantified by research efforts 
around the world. 
A basic processing parameter space has been defined by determining which conditions 
which showed underdevelopment or excessive heat evolution.  Furthermore, the research 
provides the first mechanical characterization of polymer structures created via two-
photon stereolithography, especially as compared to typical bulk photopolymerization 
processing.  A processing parameter-to-property map has been developed, and it is 
possible to obtain stiffer and harder materials with two-photon processing than with 
standard UV bulk photopolymerization.  However, additional testing around the 20 mW 
threshold for various translation speeds would improve the definition of the threshold.  
Alternative complementary forms of chemical analysis, such as Fourier transform 
infrared spectroscopy, would elucidate the relationship between acrylate conversion and 
modulus for these parameters.  It should be noted that SR9020 shows some unexpected, 
possibly adhesive effects upon initial loading regardless of polymerization method, 
indicating a strong need to investigate the surface energy of this material specifically 
before its implementation in nanoscale/microfluidic devices where surface interactions 
dominate. 
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CHAPTER 3. SYNTHESIS AND THERMOMECHANICAL 
BEHAVIOR OF (QUA)TERNARY THIOL-ENE(/ACRYLATE) 
COPOLYMERS 
3.1. Summary 
Having characterized the thermomechanical properties of an exemplar material in both 
bulk and photopatterned form, the next step was to determine the properties of another 
class of polymer with the potential for high quality photopatterning with 
thermomechanical property tunability. Therefore, the objective of the work described in 
this chapter was to characterize and understand the structure-to-thermomechanical 
property relationship in thiol-ene and thiol-ene/acrylate copolymers in order to 
complement the existing studies on the kinetics of this polymerization reaction.  A series 
of forty-one distinct three- and four-part mixtures were created with systematically varied 
functionality, chemical structure, type and concentration of crosslinker.  The resulting 
polymers were subjected to dynamic mechanical analysis, Fourier transform infrared 
spectroscopy, and tensile testing at their glass transition temperature, Tg, to quantify to 
quantify and understand their thermomechanical properties.  The copolymer systems 
exhibited a broad range of Tg (-40 to 43 °C), rubbery modulus - Er (<0.1 to 35 MPa) and 
failure strain (20% to >500%).  Dynamic mechanical analysis revealed that the addition 
of thiol or –ene crosslinker resulted in increased crosslink density, marked by an increase 
in Er and accompanied by an increase in Tg.  The addition of a difunctional high Tg 
acrylate to several three-part systems increased the resultant Tg and Er.  FTIR 
spectroscopy showed that the addition of the acrylate to the mixture results in some 
unconverted –ene functional groups due to a competitive reaction scheme.  Sol-fraction 
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testing uncovered a strong link between mass loss and monomer purity, with some 
relation to network size and conversion.  Finally, higher crosslink densities generally 
result in higher stress and lower strain at failure.  The tunability of the thermomechanical 
properties of these copolymer systems is discussed in terms of inherent advantages and 
limitations in light of pure acrylate systems. 
3.2. Introduction 
For the better part of a century, (meth)acrylates have formed a versatile class of polymers 
that play a major role in military and commercial products, as well as in industrial and 
academic research.  Acrylates are popular because of their relatively low cost, ready 
availability, ease of monomer synthesis and polymer manufacture and processing, rapid 
polymerization kinetics, optical clarity, toughness, potential biocompatibility [64, 85-87], 
and the broad range of achievable properties [84].  Photopolymerization of acrylates, in 
particular, is popular because of its relatively low energy requirements, capacity to be 
performed at ambient temperatures, and rapid speed [45-54].  Photolithography has 
featured acrylates, almost to the exclusion of other materials, since the very inception of 
the technique, due mostly to the acrylates’ rapid curing kinetics and partly to the other 
aforementioned benefits.  Typically, highly functional acrylate monomers are used to 
insure rapid polymerization and pattern fidelity; these highly crosslinked networks shrink 
less than networks formed from monomers with lower functionality.  As a direct result of 
the high crosslink density (or low molecular weight between crosslinks) and monomer 
chemistry, these networks exhibit glassy behavior at ambient temperatures - e.g. high 
stiffness and low ductility.  Acrylates are also used for shape memory applications [63, 
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65, 93], because the glass transition temperature (Tg) and rubbery modulus (Er) can be 
tailored independently to suit a particular application.  There is another class of polymer, 
called thiol-ene, that is also readily photopolymerizable and may be well suited to shape 
memory applications, complementing, and perhaps partially replacing the use of pure 
(meth)acrylates while expanding the range of achievable properties. 
However, before the thiol-ene polymers can be translated into any application, such as 
shape memory use or photolithography, a more rigorous understanding of the system 
behavior in bulk form is necessary.  The majority of the studies on thiol-ene and thiol-
ene/acrylate systems have focused on the reaction kinetics [2-5, 15, 16, 20-24, 33, 37, 
98], while few have studied the thermo-mechanical properties of the resultant material in 
great detail [29, 33, 34, 36, 111].  A rigorous process-to-thermo-mechanical property 
study of thiol-ene/acrylates was performed by the Hoyle group [37], who studied the 
effect of acrylate structure on the properties of various ternary copolymers composed of 
one trithiol, one tri-ene, and one of a selection of (meth)acrylates.  The current study 
describe in this chapter aimed to more thoroughly define the thermomechanical 
properties of a (qua)ternary thiol-ene/acrylate system with systematically varied 
functionality, chemical structure, type and concentration of crosslinker.  Additionally, 
this study aimed to determine the behavior of the systems at equivalent macromolecular 
states, whereas the aforementioned study was solely performed at room temperature, 
irrespective of the polymers’ Tg’s, in an effort to identify a polymer system with optimal 
impact resistance at ambient temperature.  Since the thermo-mechanical properties of a 
material are a critical parameter in the design of a device, the goal of the research detailed 
in this chapter was to photopolymerize a series of thiol-ene monomer mixtures with 
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systematically varied crosslinker concentration to determine the effect of this parameter 
on the properties of the copolymer.  Additionally, the effect of adding a high Tg 
diacrylate at selected concentrations to chosen thiol-ene base systems was investigated to 
determine the effect that the acrylate has on the overall group conversion and resultant 
properties of the quaternary copolymer.  In essence, the results of this study will 
complement the results of earlier polymerization kinetics studies by providing the second 
half of the thiol-ene(/acrylate) polymerization process-property map. 
3.3. Experimental 
For clarity of presentation, the polymer composition labeling is centered around the 
equivalence of functional groups and is broken into two parts – the thiol functional group 
component, tfmol%, and the –ene functional group component, efmol% - each totaling 
100% and insuring a stoichiometric ratio of the functional groups.  Acrylate functional 
groups, when added, are indicated by afmol%; terminology and labeling for compositions 
including acrylates differ slightly from the ternary mixtures and will be explained 
appropriately. 
3.3.1. Materials 
  Forty-one monomer mixtures (shown in Table 3.1) were made of various combinations 
of three or four of the five monomers whose chemical structures and abbreviations are 
shown in Figure 3.1, with the exception of one composition consisting entirely of 
Bisphenol A ethoxylate diacrylate, Mn=512 [BPAEDA(512)]. 2,2-dimethoxy-2-
phenylacetophenone (DMPA) was used as the UV photoinitiator.  The naming 
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convention used herein highlights the critical parameter of the study – the concentration 
of crosslinker.  All ternary mixtures used DMPA as the photoinitiator at a concentration 
of one initiator molecule per 1,000 –ene groups, or +0.1 efmol% (the plus is included to 
denote that it is additive, not substitutive for the –ene functionalities).  DMPA acted as 
the photoinitiator in quaternary mixtures as well, but at a concentration of one initiator 
molecule per 1,000 –ene and acrylate groups (+0.1 ef+afmol%).  The pure BPAEDA(512) 
reference sample contained DMPA at one part per 1,000 acrylate groups (+0.1 afmol% or 
+0.1 wt%). All materials were obtained from Sigma Aldrich and were used as received. 
 
Figure 3.1. Chemical structures of studied monomers. 
a) 1,3-propanedithiol (PDT), b) trimethylolpropane diallyl ether (TMPDAE), c) 
pentaerythritol tetrakis(3-mercaptopropionate) (PETMP), d) 1,3,5-triallyl-1,3,5-triazine-
2,4,6(1H,3H,5H)-trione (TATATO), e) Bisphenol A ethoxylate diacrylate, Mn 512 
(BPAEDA(512)) 
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Table 3.1. Monomer mixtures used in study 
  tfmol% efmol% afmol% 
Mix Mix Name\Chemical PDT PETMP TMPDAE TATATO BPAEDA(512) 
1 10PETMP 90 10 100 - - 
2 13.33PETMP 86.67 13.33 100 - - 
3 16.67PETMP 83.33 16.67 100 - - 
4 20PETMP 80 20 100 - - 
5 30PETMP 70 30 100 - - 
6 40PETMP 60 40 100 - - 
7 50PETMP 50 50 100 - - 
8 60PETMP 40 60 100 - - 
9 70PETMP 30 70 100 - - 
10 80PETMP 20 80 100 - - 
11 90PETMP 10 90 100 - - 
12 100PETMP - 100 100 - - 
13 10P+25BPAEDA(512) 90 10 100 - +25 
14 10P+50BPAEDA(512) 90 10 100 - +50 
15 10P+75BPAEDA(512) 90 10 100 - +75 
16 50P+25BPAEDA(512) 50 50 100 - +25 
17 50P+50BPAEDA(512) 50 50 100 - +50 
18 50P+75BPAEDA(512) 50 50 100 - +75 
19 90P+25BPAEDA(512) 10 90 100 - +25 
20 90P+50BPAEDA(512) 10 90 100 - +50 
21 90P+75BPAEDA(512) 10 90 100 - +75 
22 10TATATO 100 - 90 10 - 
23 20TATATO 100 - 80 20 - 
24 30TATATO 100 - 70 30 - 
25 40TATATO 100 - 60 40 - 
26 50TATATO 100 - 50 50 - 
27 60TATATO 100 - 40 60 - 
28 70TATATO 100 - 30 70 - 
29 80TATATO 100 - 20 80 - 
30 90TATATO 100 - 10 90 - 
31 100TATATO 100 - - 100 - 
32 10T+25BPAEDA(512) 100 - 90 10 +25 
33 10T+50BPAEDA(512) 100 - 90 10 +50 
34 10T+75BPAEDA(512) 100 - 90 10 +75 
35 50T+25BPAEDA(512) 100 - 50 50 +25 
36 50T+50BPAEDA(512) 100 - 50 50 +50 
37 50T+75BPAEDA(512) 100 - 50 50 +75 
38 90T+25BPAEDA(512) 100 - 10 90 +25 
39 90T+50BPAEDA(512) 100 - 10 90 +50 
40 90T+75BPAEDA(512) 100 - 10 90 +75 
41 100BPAEDA(512) - - - - 100 
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3.3.2. Methods 
Polymer sheets were created by injecting monomer solution into a mold consisting of two 
slides separated by 1 mm spacers and secured with binder clips and exposing the mold to 
a UVP Blak-Ray® 365nm UV light (intensity ~8 mW/cm2) for 5 minutes.  Prior to 
injection, the slides were thoroughly cleaned with acetone; for the 10PETMP mixture, 
RainX was applied to the slides to act as a release agent, due to the tacky nature of the 
finished polymer.  A minimum of three sheets (or slides) of each mixture were 
polymerized. 
Samples for dynamic mechanical analysis (DMA) were obtained by excising a portion of 
the polymer sheet with a razor blade and polishing the edges with 800- and then 1200-grit 
silicon-carbide sandpaper, to arrive at final specimen dimensions of approximately 20 
mm x 4.5 mm x 1 mm.  A TA Instruments Q800 DMA was used to obtain the storage 
modulus (E’) and loss factor (tan δ) curves in tensile mode.  The samples (n≥2) were 
cooled to -100 ºC, equilibrated for 2 minutes, and then ramped at a rate of 2 ºC/min to 
120 ºC.  The frequency was set to 1 Hz, the force track was set to 150%, and the strain 
level was set to 0.1%.  Tg was determined by the peak of the tan(δ) curve, and Er was 
defined as the lowest point in the storage modulus curve. 
Samples for Fourier-transform infrared (FTIR) spectroscopy (n≥2) were scanned in 
monomer form, polymerized under the UV light for 5 minutes as per the aforementioned 
procedure, and then scanned again to determine overall group conversion.  The solutions 
were injected between sapphire windows with a gap thickness of 2 µm and scanned at 16 
scans per spectrum with a resolution of 4cm-1 on a Varian FTS-7000 FTIR.  Final group 
67 
conversions were calculated using the ratio of the polymer to monomer absorbance peak 
area at each group’s signature wavenumber [2]: 1640 cm-1 for the vinyl group, 2570 cm-1 
for thiol, and 3085 cm-1 for the allyl ether C=C bond,.  Note that the contribution of the 
allyl ether to the –ene signal was accounted for by using the peak at 3085 cm-1, thereby 
allowing separation of the –ene and acrylate group conversions. 
Sol-fraction testing was performed by cutting 5 mm x 5 mm x 1 mm samples of six 
specific mixtures (n=3) and taking the dry mass of each.  The samples were subsequently 
soaked in 2 mL of acetone for 48 hours to swell the networks and wash out excess 
monomer and other impurities.  The samples were then dried in an oven at 60 °C for 72 
hours, then allowed to acclimate to room conditions for an additional 72 hours.  The 
masses of the samples were then measured again, and the mass loss was calculated using 
the difference between the masses prior to and following the acetone soak and drying 
periods. 
Tensile testing samples (n≥3) were excised from the polymer sheets by an ASTM D638 
type V punch.  The edges of the samples were polished with 800-grit silicon-carbide 
sandpaper to remove visible defects.  The samples were strained at their respective Tg’s at 
a rate of 1 mm/min (strain rate: ~0.21 sec-1) until failure on an MTS Instruments Insight 2 
mechanical load frame with a 100N load cell.  The experimental temperature was 
maintained by a Thermcraft, Inc. model LBO-14-8-5.25-1X-J8249_1A thermal chamber 
outfitted with liquid nitrogen cooling.  The samples and equipment in the chamber was 
allowed to equilibrate for ten minutes at the testing temperature prior to test 
commencement.  A laser extensometer was employed to measure the strain in the gage 
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section of the sample, marked with adhesive-backed reflective tape.  Sample experiments 
were run to ensure that the tape did not affect the samples’ deformation behavior and 
mechanical response. However, for a full and accurate comparison among all samples, 
crosshead displacement is used for strain determination; laser extensometer data are 
unavailable for tests at subzero temperatures due to condensation on the reflective tape 
and thermal chamber window, which prevented proper and accurate readings. 
3.4. Results 
The first step in the characterization was dynamic mechanical analysis (DMA).  Figure 
3.2 shows the progression of the storage modulus as the concentration of the PETMP 
crosslinker in a ternary mixture is increased from 10 tfmol% to 100 tfmol%.  Figure 3.3 
shows the same progression graph for the ternary mixtures ranging from 10 efmol% 
TATATO to 100 efmol% TATATO.  In both figures, notably, the rubbery modulus 
increases several orders of magnitude and the temperature for the onset of the glass 
transition shifts higher as more crosslinking agent is added. 
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Figure 3.2. Progression of storage modulus for thiol-crosslinked ternary mixtures, by 
tfmol% crosslinker. 
 
 
Figure 3.3. Progression of storage modulus for -ene-crosslinked ternary mixtures, by 
efmol% crosslinker. 
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Figure 3.4 summarizes the Tg values for both types of ternary mixtures, as defined by the 
peak of the tan(δ) curve.  For PETMP crosslinked mixtures, the Tg increases from -40.2 
ºC at the lowest concentration of PETMP to -16.0 ºC at 100 tfmol% PETMP.  The Tg 
increases from -39.3 ºC at the lowest concentration of TATATO to 35.3 ºC at 100 
efmol% TATATO.  Figure 3.5 summarizes the rubbery modulus values extracted from 
Figure 3.2 and Figure 3.3 for both types of ternary mixtures.  The rubbery modulus 
increases from 54.2 kPa at the lowest PETMP concentration to 8.65 MPa at 100 tfmol% 
PETMP, and from 1.62 MPa at the lowest TATATO concentration to 14.6 MPa at 100 
efmol% TATATO. 
 
Figure 3.4. Glass transition temperatures for various ternary mixtures 
of TMPDAE and PDT with either PETMP or TATATO. 
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Figure 3.5. Rubbery moduli for various ternary mixtures 
of TMPDAE and PDT with either PETMP or TATATO. 
 
From these results, six mixtures were chosen for determination of the effect of acrylate 
addition – one low (10 fmol%), one medium (50 fmol%), and one high (90 fmol%) 
amount of crosslinking for both ene and thiol crosslinkers.  100 fmol% crosslinker 
mixtures were excluded to help maintain somewhat similar chemistries in the base 
systems, i.e. all ternary systems, instead of a mixture of ternary and binary copolymers.  
The Tg values for the six selected base systems along with the three added concentrations 
(+25, +50, and +75 fmol%) of BPAEDA(512) and pure BPAEDA(512) are shown in 
Figure 3.6 and the rubbery moduli are shown in Figure 3.7.  Both the Tg and the Er 
demonstrate a monotonic increase as BPAEDA(512) is added for all of the studied 
mixtures. 
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Figure 3.6. Glass transition temperatures for (qua)ternary mixtures 
of thiol-ene/acrylate mixtures with various concentrations of 
acrylate added to the base thiol or –ene crosslinked system. 
 
Figure 3.7. Rubbery moduli for (qua)ternary mixtures 
of thiol-ene/acrylate mixtures with various concentrations of 
acrylate added to the base thiol or –ene crosslinked system. 
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The copolymers were characterized with FTIR spectroscopy to determine final 
conversion of the functional groups in the monomer mixtures.  Figure 3.8 shows 
representative FTIR spectra for a monomer and the resulting polymer with the relevant 
peaks labeled along with an example area used to determine the conversion, and the 
conversion calculations for the C=C stretch at 1640 cm-1.    Percent conversion was 
calculated as one minus the ratio of the polymer peak area to the monomer peak area.  
FTIR was performed for sixteen monomer mixtures, consisting of all six base systems 
mentioned above, the six base systems +25 fmol% BPAEDA(512) the three PETMP base 
systems +75 fmol% BPAEDA(512), and pure BPAEDA(512).  The thiol groups always 
converted fully, whereas the C=C stretch band and the allyl band indicated varying levels 
of conversion depending on the mixture composition. 
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Figure 3.8. (top left) Example FTIR spectra (top right) sample area used for peak 
calculation and (bottom) C=C conversion for various mixtures. 
 
Sol-fraction mass loss is shown in Figure 3.9.  10TATATO mixtures lost the most mass, 
followed by 50TATATO mixtures.  90TATATO mixtures lost the least mass.  In all three 
mixture bases, the addition of acrylate resulted in a larger mass loss.  10TATATO lost 
11.3% of its initial mass while the addition of the acrylate caused the new mixture to lose 
15.6%, a 38% increase in mass loss.  50TATATO lost 2.77% of its initial mass but 
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50TATATO+25BPAEDA(512) lost 7.87%, a 184% increase.  90TATATO lost 0.80% of 
its initial mass while the same base mixture with added acrylate lost 3.81%, an increase 
of over 375%. 
 
Figure 3.9. Sol-fraction mass loss for six tested mixtures. 
 
The final characterization technique used was mechanical testing of tensile strain-to-
failure of the polymers.  The compositions tested were the same ones shown in Figure 3.6 
and Figure 3.7.  Figure 3.10 shows some representative stress-strain curves for the 
twenty-five selected mixtures. Failure by fracture is denoted by the ‘x’ in the figure.  
Figure 3.11 and Figure 3.12 show stress and strain at failure, respectively, for the twenty-
five compositions.  In general, the failure stress increases as the concentration of 
PETMP/TATATO and/or BPAEDA(512) increases in the mixture, while the failure 
strain decreases. 
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Figure 3.10. Stress-strain behaviors for various thiol-ene/acrylate mixtures. 
 
 
Figure 3.11. Failure stress for (qua)ternary mixtures of thiol-ene/acrylate 
with various concentrations of acrylate added to the base thiol or –ene 
crosslinked system. 
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Figure 3.12.  Failure strain for (qua)ternary mixtures of thiol-ene/acrylate 
with various concentrations of acrylate added to the base thiol or –ene 
crosslinked system. Inset: low strain detail. 
3.5. Discussion 
As evident in Figure 3.2, copolymers with high concentrations of PETMP behave as a 
typical thermoset network – a rubbery plateau region featuring a linear increase after 
reaching the “rubbery modulus” minimum just after the transition.  The material labeled 
10PETMP behaves as a lightly-crosslinked elastomer at the very verge of the thermoset-
thermoplastic limit, featuring a rubbery modulus two orders of magnitude lower than 
100PETMP.  Compositions featuring lower concentrations of PETMP did not yield 
materials solid enough for handling, and so were excluded from the study; TATATO-
crosslinked mixtures were made with matching crosslinker concentrations so that 
appropriate comparisons could be made and proper conclusions could be deduced.  To 
determine if there was a PETMP concentration threshold for the switch from the 
elastomeric behavior of 10PETMP to the thermoset behavior of 20PETMP, two 
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additional intermediate compositions, namely 13.33PETMP and 16.67PETMP were 
synthesized and subjected to DMA testing.  The results reveal that there was a smooth 
transition between the two behaviors. 
There are two concurrent effects, which contribute to the resulting Tg values of networks 
formed by various compositions of chemically different monomers, called the 
“copolymer effect” and the “crosslinking effect.” [185-188]  The copolymer effect can 
raise or lower the Tg of a network, depending on the chemical rigidity of the monomers 
being added and subtracted, with more rigid structures corresponding to a higher Tg [186, 
187].  The crosslinking effect, on the other hand, serves solely to raise the Tg as 
additional chemical crosslink points hinder the mobility of the network.  The separation 
of the two effects is not important for this study since it is the aggregate effect that 
concerns the networks’ behavior, though the magnitudes of the contributions of the two 
effects for various copolymers have been determined in previous studies [186, 189].  
DMA testing reveals that both PETMP and TATATO have a crosslinking effect on the 
network, though TATATO appears to also exhibit a copolymer effect, as will be 
discussed further in the following paragraph.  The crosslinking effect can be observed in 
the increases in both the rubbery modulus and the glass transition temperature as the 
crosslinker concentration is increased (Figure 3.2 to Figure 3.5).  Both of these increases 
can be attributed to an increased crosslink density, and, in the case of TATATO-
containing mixtures, to monomer rigidity.  Ideal rubber theory [94] states that the rubbery 
modulus is inversely proportional to the average molecular weight between crosslinks 
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( cM ), or directly proportional to the crosslink density, and this has been demonstrated to 
hold true for non-ideal (meth)acrylate networks as well [93]. 
As shown by Figure 3.4 and Figure 3.5, at the same concentration of crosslinking agent, 
TATATO-containing mixtures have a higher Tg and Er than PETMP-containing mixtures.  
This can be expected given the structures of the crosslinkers – TATATO has a lower 
molecular weight per functional group and fewer functional groups per molecule than 
PETMP, and TATATO has a 6-membered ring core structure whereas PETMP consists 
of four longer, flexible “arms” connected at the center.  The TATATO structure, 
therefore, will both increase Tg due to its core rigidity and raise rubbery modulus more 
than PETMP due to lower cM  at the same functional group concentration.  Another 
contributing factor to TATATO mixtures’ exhibition of higher Tg’s and Er’s than those 
exhibited by PETMP mixtures (which is more evident at higher crosslinker 
concentrations as the properties diverge further) stems from the necessity for thiol and –
ene functional group equivalence.  As either crosslinker is added, some difunctional 
monomer with the same functional group must be removed in proportion.  Thus, as 
PETMP concentration increases in the mixtures, PDT concentration is reduced; as 
TATATO concentration increases, TMPDAE concentration decreases.  PDT is replaced 
by a more flexible PETMP molecule, but this flexibility is counterbalanced by PETMP 
crosslinking and resulting network hindrances.  TMPDAE, itself more flexible than PDT 
due to its larger number of unhindered bonds between functional groups, is replaced by 
an even stiffer cycle-cored TATATO - which has fewer bonds between functional groups 
in addition to acting as a crosslinker.  Therefore, the trends, difference, and divergence of 
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the properties of the two ternary mixture types shown in Figure 3.4 and Figure 3.5 can be 
explained when one considers that in PETMP mixtures the less flexible difunctional 
monomer is replaced by a more flexible crosslinker, while in TATATO mixtures the 
more flexible difunctional monomer is replaced by the least flexible monomer (which 
also acts as a crosslinker). 
Except for 100TATATO, all of the ternary mixtures have Tg values which, being 
subambient, render such materials incapable of functioning in typical off-the-shelf shape 
memory applications.  To remedy this situation† and increase the application space for 
these copolymers, a high-Tg monomer was added in the form of BPAEDA(512).  
However, the addition of BPAEDA(512) leads to a conflict in terms of Er and Tg.  A high 
Tg is desired so that the deformed state of the shape memory device is stable under 
ambient conditions, but a low Er is desired since a low modulus generally translates to a 
larger deformation limit [93]. A low Er would further increase the customizability of the 
network because the stress-strain behavior could be tuned by the introduction of different 
monomer chemistries.  In the thiol-ene mixture, the acrylate can homopolymerize, adding 
a step to the reaction scheme shown in Figure 1.4.  BPAEDA(512) can act as an -ene and 
react with a thiol radical, thereby competing with TMPDAE and/or TATATO.  
Additionally, primary radicals from DMPA can initiate the BPAEDA(512) and create a 
carbon-centered acrylate radical.  In either case, the carbon-centered acrylate radical can 
                                                 
 
† Efforts in this work to raise Tg using stiffer difunctional monomers, without excessive 
crosslinking (highly crosslinked shape memory polymers do not demonstrate adequate 
deformation levels), were unsuccessful and require further study. 
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then abstract a hydrogen and propagate the thiol-ene reaction, or it can initiate more 
BPAEDA(512), forming a carbon-backbone acrylate chain. 
The incorporation of BPAEDA(512) via the thiol-ene reaction raises the Tg of the 
polymer by the copolymer effect since BPAEDA(512) simply acts as a linear chain 
“extender,” while the homopolymerization route raises Tg and Er by both the copolymer 
and the crosslinking effect.  Figure 3.6 and Figure 3.7 show these anticipated effects 
when BPAEDA(512) is added.  The drop in Er in the TATATO+25BPAEDA(512) 
quaternary mixtures compared to the acrylate-less ternary TATATO mixtures is most 
likely a plasticization effect caused by the larger amounts of dangling chain ends and 
residual monomer, which is confirmed by FTIR scans of the mixtures showing a lower 
conversion  of –ene groups (Figure 3.8).  Larger reductions in Er for these six mixtures 
correspond to greater drops in the overall C=C bond conversion.  In the mixtures where 
TATATO is the crosslinker and BPAEDA(512) is added, the vinyl groups from the two 
monomers compete for reaction with the thiol groups, so some residual monomer is 
expected, given the competitive reaction scheme.  The effects of this competition are 
most prevalent in the TATATO+25BPAEDA(512) mixtures because of the relatively low 
concentration of acrylate groups.  Mixtures with higher concentrations of BPAEDA(512) 
have a significantly larger amount of pure acrylate network within the copolymer, simply 
because of the relative scarcity of thiol groups available for the typical thiol-ene reaction.  
These mixtures with larger acrylate networks certainly have some residual monomer and 
dangling chain ends, but these are percentagewise much smaller and so exert less of a 
negative effect on the resulting network properties than in the +25BPAEDA(512) 
copolymers. 
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Sol-fraction testing was used to determine the amount of soluble monomer that could be 
extracted from the networks based on the conversion data from FTIR.  However, it was 
found that impurities dominated the response of the networks instead of overall 
conversion.  As can be seen from a comparison of the pure base mixtures (0 fmol% 
acrylate) in Figure 3.9, mixtures with larger amounts of TMPDAE showed increased 
mass loss over those with larger amounts of the TATATO crosslinker.  This increased 
mass loss is most likely the non-participating impurities associated with the TMPDAE 
monomer, which is only 90% pure as-received, while TATATO has a purity of 98%.  
However, the addition of acrylate to all of these systems increases the mass loss due to 
additional unconverted monomer being extracted, in agreement with the reduced 
conversion detected by FTIR.  Large percentagewise increases in mass loss correlate well 
with large drops in conversion and large reductions in Er.  FTIR analysis cannot detect 
the presence of the non-participating impurities at the selected wavenumbers of interest, 
so the reverse order of the mass loss magnitudes for +25fmol% acrylate compared to C=C 
conversion further supports the theory that impurities dominate the materials’ sol-fraction 
behavior. 
It is interesting to note that the mass loss from sol-fraction testing shows an inverse 
relationship with rubbery modulus, since higher mass losses are associated with lower 
rubbery moduli, or lower crosslink densities (and larger network openings).  It is 
plausible that some unconverted bonds are termini for oligomers of various sizes, the 
larger of which cannot fit through the tighter networks.  Alternatively, it is possible that 
many of the unconverted bonds detected by FTIR are on pendant, but attached chains 
which are not soluble but do not contribute to the network strength.  However, without 
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any further characterization of the eluent, it is difficult to conclude if the inverse 
relationship between mass loss and Er truly exists or is merely an artifact of the increased 
impurity level associated with increased amounts of TMPDAE. 
The stress-strain behavior of some sample mixtures is shown in Figure 3.10, where 
failure by fracture is denoted by an x.  The stress and strain at failure for the tested 
mixtures are summarized in Figure 3.11 and Figure 3.12.  10PETMP stretched the entire 
length of the thermal chamber and reached equipment limits before failure, further 
confirming its large strain behavior.  The other base mixtures exhibited trends in strain 
and stress at failure which are consistent with results concerning (meth)acrylate networks 
[93], which found that higher concentrations of crosslinker reduce strain at failure but 
increase stress at failure.  This behavior can be explained by considering the crosslink 
density, as implied by the DMA data discussed previously.  Higher concentrations of 
crosslinker restrict the macromolecular motion of the network but increase the network’s 
load-carrying capacity. Additionally, increased crosslink density generally means 
increased network heterogeneity [93, 188, 190], and with heterogeneity comes increased 
probability of a stress concentration arising due to a densely crosslinked area, causing a 
premature failure as compared to an ideally homogeneous network with the same overall 
crosslink density.  The deviation of the 90TATATO and 90TATATO+25BPAEDA(512) 
from the trends in stress and strain at failure can be attributed to the structure of 
TATATO.  Both of these copolymers have rubbery moduli below about 10 MPa, which 
was determined by Safranski et al. [84] to be a threshold below which monomer 
chemistry plays a strong role in the (meth)acrylate network toughness and stress-strain 
behavior.  They demonstrated that ringed members within a monomer allow the polymer 
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to exhibit much higher toughness characteristics than polymers lacking rings; with the 
inclusion of a large amount of ring-cored crosslinker in 90TATATO and 
90TATATO+25BPAEDA(512), the enhanced strength and deformation characteristics 
can be expected. 
Since strain and stress at failure are strongly related to the network structure and the 
density of crosslinking, it is instructive to graph these against the molecular weight 
between crosslinks cM , which is proportional to T/Er.  Figure 3.13 and Figure 3.14 show 
these data along with data from Ortega et al. [93], where T represents the temperature at 
which Er is measured.  The trend for strain vs. cM is nearly linear, which agrees with 
previous results peroxide-vulcanized rubbers by Morell and Stern in Treloar [94].  
Additionally, these data also correspond quite well with the data from Ortega et al. [93] 
concerning (meth)acrylate networks, in which the data were also obtained by deforming 
the samples at a temperature at the peak of tan(δ).  The data for stress vs. cM  also 
corresponds very well with that from the (meth)acrylate study. This indicates that though 
there are important chemical implications as a result of the difference in the 
polymerization reactions, the overall mechanical effect of crosslinking a polymer results 
in similar system behaviors at Tg – highly crosslinked (low T/Er) polymers have a higher 
stress at failure due to the increased load carrying capacity of the crosslink points while 
lightly crosslinked materials (high T/Er) have little strength but significant deformability. 
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Figure 3.13. Failure strain versus “molecular weight between crosslinks” 
following results of reference [93] for (qua)ternary mixtures of thiol-ene/acrylate with 
various concentrations of acrylate added to the base thiol or –ene crosslinked system. 
 
Figure 3.14. Failure stress versus “molecular weight between crosslinks” 
following results of reference [93] for (qua)ternary mixtures of thiol-ene/acrylate with 
various concentrations of acrylate added to the base thiol or –ene crosslinked system. 
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Figure 3.15, plotting strain at failure vs. Er, highlights a major optimization tradeoff 
inherent to polymer design – the nonlinear and diminishing sensitivity of failure strain to 
rubbery modulus.  Similar to the results from the (meth)acrylate study [93], strain at 
failure at low crosslink densities (or low Er) is highly sensitive to rubbery modulus, but at 
higher modulus values the failure strain value changes much less.  For example, an 
increase of the rubbery modulus from ~0.5 MPa to ~2.5 MPa results in a reduction of 
strain at failure from about 250% to about 100%, but an increase of the rubbery modulus 
from 10 MPa to 12 MPa results in minimal change in strain to failure. 
 
Figure 3.15. Failure strain versus rubbery modulus 
following results of reference [93] for (qua)ternary mixtures of thiol-ene/acrylate with 
various concentrations of acrylate added to the base thiol or –ene crosslinked system. 
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3.6. Conclusions 
Thiol-ene polymers are a versatile class that can incorporate acrylates to gain some of the 
benefits of acrylates while simultaneously avoiding some of the drawbacks of acrylates.  
The copolymer systems studied herein exhibited a broad range of tunable 
thermomechanical properties, such as Tg (-40 to 43 °C), Er (<0.1 to 35 MPa), and failure 
strain (20% to >500%).  Dynamic mechanical analysis revealed that the addition of thiol 
or –ene crosslinker increased Tg and Er.  Copolymers exploiting TATATO as a 
crosslinker exhibited higher Tg and Er values than those with PETMP at the same 
concentration of crosslinker functional groups, due to the difference in the chemical 
structures. 
The addition of BPAEDA(512) increased Tg and Er due to both the copolymer and the 
crosslinking effect, except for three TATATO+25 fmol% BPAEDA(512) mixtures. These 
three mixtures exhibited lower Er values due to dangling chains, the plasticization effect 
of residual monomer, and the competition of BPAEDA(512) and TATATO for thiyl 
radicals as confirmed by FTIR studies.  FTIR spectroscopy shows that the addition of 
BPAEDA(512) to the mixture results in some unconverted –ene functional groups.  The 
strict requirement for functional group equivalence in thiol-ene polymers is a limitation 
that can, to some degree, be alleviated by the addition of a homopolymerizing –ene such 
as an acrylate.  Kinetic studies of the reaction can reveal the precise ratio of 
thiol:ene:acrylate needed to eliminate virtually all unreacted monomer. 
Sol-fraction testing elucidated the probable dominance of impurities on mass loss in 
solvent, but further testing is necessary for full characterization.  Swelling behavior can 
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describe the amount of pendant unreacted chains present in the network as compared to 
bonds on extractable and mobile monomer or oligomer.  Additional elemental analysis, 
such as nuclear magnetic resonance (NMR), of the related eluents could help determine 
the fraction of extracted monomer/oligomer as compared to impurities present, assuming 
that the impurities in the TMPDAE monomer could be characterized or determined based 
on the production reaction scheme. 
Higher crosslink densities, caused by large concentrations of BPAEDA(512) and/or 
PETMP/TATATO, generally result in higher stress and lower strain at failure as 
determined by tensile testing at Tg.  These tensile results are in strong agreement with 
previous studies performed on (meth)acrylate systems.  This work shows that various 
desired thermomechanical properties can be obtained by careful selection and mixing of 
various thiol-ene and acrylate monomers, but there are certain boundaries and tradeoffs 
that must always be taken into consideration. 
The thermomechanical behavior of thiol-ene/acrylates and (meth)acrylate systems have 
excellent agreement at their respective Tg’s and (meth)acrylate systems cover a broad 
range of achievable Tg values.  Additionally, the mechanical properties of the two system 
types are quite similar at equivalent crosslink density.  Therefore, future studies will 
investigate the other purported benefits of thiol-ene/acrylates as compared to 
(meth)acrylates to determine whether thiol-ene/acrylate systems occupy an application 
space that is outside the realm of (meth)acrylate systems’ capabilities. 
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CHAPTER 4. PHOTOPATTERNING OF THIOL-ENE/ACRYLATES 
4.1. Summary 
The previous chapter covered the investigation of the structure-to-thermomechanical 
property relationship for bulk thiol-ene(/acrylate) copolymers.  The next research step 
was to determine whether the reported benefits of the thiol-ene step reaction, such as low 
shrinkage, would translate into high fidelity pattern transfer for thiol-ene/acrylate 
materials with tunable mechanical properties and low-to-moderate crosslinking.  Current 
common photoresists and photolithographic polymers are materials designed for their 
photocuring properties instead of their mechanical properties.  However, the limited 
range of mechanical properties that result restrict the design and application space for 
non-silicon-based microdevices.  Thiol-ene/acrylates copolymers are materials which 
exhibit a unique blend of properties which could make them suitable for photolithography 
while maintaining mechanical property tunability.  Five thiol-ene and acrylate monomer 
blends were compared in a photopolymerization rate study tracking heat flow, while 
dynamic mechanical analysis was performed on two thiol-ene acrylate system and one 
binary acrylate blend.  Factorial design photopatterning studies with photomasks were 
performed on the two exemplar thiol-ene acrylate systems and compared to that of the 
binary acrylate which is thermomechanically equivalent to one of the thiol-ene/acrylate 
exemplars.  The thiol-ene/acrylate exemplars showed rapid polymerization, low-to-
moderate shrinkage and low heat evolution with excellent patternability; the equivalent 
binary acrylate showed extreme shrinkage and did not replicate the mask pattern in a 
controllable fashion. 
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4.2. Introduction 
Photolithography using patterned transparent/opaque masks is standard practice in the 
semiconductor industry for the fabrication of integrated circuits and printed circuit boards 
[40, 41, 191] and has emerged as a popular technique for the creation of complex 
microscale structures for direct polymer microdevice fabrication [192-201] or for 
sacrificial photoresist patterning for non-polymeric microdevices and 
microelectromechanical systems [40, 41, 201-207].  (Meth)acrylates are one of the most 
commonly used polymers in photolithography [201, 208, 209].  The (meth)acrylates 
typically used for photolithography are highly branched [210-213], incorporate fillers of 
some form [214, 215], or are mixed with other non-(meth)acrylate monomer solutions 
[216], because these types of systems exhibit high polymerization rates and low 
shrinkage. The rapid polymerization and low shrinkage of the highly branched 
(meth)acrylates in particular is a result of the high concentration of functional groups 
present in the monomer solution.  This high concentration leads to high final crosslink 
densities, which, in turn, limits the range of achievable properties for these polymers; the 
polymers are typically glassy or very stiff rubbers.  Acrylates with lower functionalities 
(i.e. mono- and di-), which are typically used in mixtures to adjust the polymer’s 
thermomechanical properties, have notoriously poor micropatternability due to much 
higher shrinkage magnitudes than those of more highly functionalized monomers, and 
they polymerize relatively slowly [217].  Seminal works on the photopatterning of 
hydrogels [218, 219] show that lightly crosslinked (meth)acrylate networks can be 
patterned moderately well at the scale necessary for their application, though the 
monomers were specifically chosen for their low polymerization shrinkage and not for 
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their thermomechanical properties.  A more commonly used methacrylate hydrogel 
material chosen for its behavior in solution does not pattern as well at smaller scales [218, 
220]. 
Typical photoresist materials, such as the widely used negative-tone epoxy photoresist 
SU-8, are highly crosslinked [213, 221] and/or are commercially available materials with 
little customizability [202, 222-224].  These photoresists typically require a long and 
complicated set of steps for preparation prior to and post-exposure to develop the desired 
structures [191, 213], the resolution of which are very sensitive to the preparation 
parameters.  Direct fabrication of microdevices with hyperbranched acrylates can be 
performed up to eight times faster than with typical negative-tone photoresists, such as 
SU-8, and the resultant acrylate structures can have an internal stress 3-8 times lower 
than those composed of photoresist; the higher internal stress in the photoresist can result 
in corner cracking and delamination [213]. 
Unlike the (meth)acrylate polymerization reaction, the thiol-ene reaction is a free-radical, 
step-growth polymerization reaction [2, 19, 21-23, 25, 97].  Since it is a free-radical 
scheme, it benefits from the ability to be performed at ambient temperatures, at low cost, 
rapid and solvent-less polymerization, and can be spatially and temporally controlled [25, 
45-55].  Due to the step-growth nature of the thiol-ene reaction, these materials exhibit 
less shrinkage, a later gel point, and reduced residual internal stress as compared to 
typical (meth)acrylate networks, which are created by chain-growth reactions.  
Furthermore, the thiol-ene reaction exhibits the distinctive capability to cure rapidly 
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without photoinitiator and the reaction has shown limited susceptibility to oxygen 
inhibition [13, 97, 98]. 
The materials studied and suggested herein can be adapted to various photolithography 
techniques including standard photomasking techniques [191] and two-photon 
stereolithography [125, 126, 147, 225].  As has been suggested by Cramer et al. [197, 
198], these materials can be used in the CLiPP multilayer photomask-based polymer 
microdevice fabrication  process; the iniferter-mediated “living” thiol-ene polymerization 
reaction necessary for CLiPP has been studied [25] and some basic macroscale 
photolithography was demonstrated.  Additionally, the materials studied herein are 
merely representative of thiol-ene/acrylates, a larger class of photopatternable 
copolymers.  Many other potential photopatternable thiol-ene(/acrylate) copolymers were 
investigated in the previous chapter.  It was demonstrated that thiol-ene/acrylates were 
substantially thermomechanically equivalent to (meth)acrylate networks.  The research 
discussed in this chapter aimed to determine the attractiveness of thiol-ene/acrylate 
copolymers over pure(meth)acrylate networks for photopatterning at small scales, which 
results from the difference in the polymerization reaction schemes. 
4.3. Experimental 
For clarity of presentation, the polymer composition is centered around the equivalence 
of functional groups and is broken into two parts – the thiol functional group component, 
tfmol%, and the –ene functional group component, efmol% - each totaling 100% and 
insuring a stoichiometric ratio of the functional groups.  In the quaternary mixtures, 
acrylate functionalities, afmol %, was added to the thiol-ene base system such that the 
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overall concentration of acrylate functional groups is indicated by the number preceding 
the acrylate name.  2,2, dimethoxy-2-phenylacetophenone (DMPA) acted as the 
photoinitiator in all of the mixtures, including the quaternary mixtures, at a concentration 
of one initiator molecule per 1,000 –ene and acrylate groups (+0.1 ef+afmol%). The only 
exception is that DMPA was used at a concentration of 0.1 wt% for the Sartomer 
monomer.  All materials were obtained from Sigma Aldrich and were used as received. 
Initial screening studies were performed with a standard benchtop UV source to 
determine the ability of this material to be photopatterned, especially as compared to 
equivalent (meth)acrylate networks.  The experiments based on the initial screening 
studies were designed as 23 factorial experimental series, described more fully below.  
The important input parameters for the experiments were exposure time, layer thickness, 
and development time.  The selected developer was acetone because the monomer 
mixtures were partially insoluble in other common solvents, such as ethanol, methanol, 
and 2-propanol. 
4.3.1. Materials 
The materials used in this study (Figure 4.1) consisted of several pure monomers, as well 
as two quaternary thiol-ene/acrylate mixtures and one binary acrylate mixture.  The pure 
materials were SR9020 (Sartomer Corp.), BPAEDA(512), and PEGPEA(236).  The 
binary acrylate mixture was designed to be thermomechanically equivalent to 
50TATATO+50BPAEDA(512) and was composed of 30.2 afmol% (31.9 wt%) 
BPAEDA(512) and 69.8 afmol% (68.1 wt%) PEGPEA(236).  The BPAEDA(512) 
component was kept from the other mixtures to maintain some level of chemical 
94 
consistency among the different copolymers, and a binary system was chosen for 
simplicity.  The PEGPEA(236) was chosen for its thermomechanical properties.  The 
compositions of the thiol-ene/acrylate mixtures are listed in Table 4.1. 
 
Figure 4.1. Chemical structures of studied monomers. 
a) 1,3-propanedithiol (PDT), b) trimethylolpropane diallyl ether (TMPDAE), c) 
pentaerythritol tetrakis(3-mercaptopropionate) (PETMP), d) 1,3,5-triallyl-1,3,5-triazine-
2,4,6(1H,3H,5H)-trione (TATATO), e) Bisphenol A ethoxylate diacrylate, Mn 512 
(BPAEDA(512)), f) poly(ethylene glycol) phenylether acrylate, Mn 236 (PEGPEA(236)), 
g) SR9020 
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Table 4.1. Thiol-ene/acrylate mixtures used in study. 
  tfmol% efmol% afmol% 
Mix Mix Name\Chemical PDT PETMP TMPDAE TATATO BPAEDA(512) 
1 10PETMP+25BPAEDA(512) 90 10 100 - +25 
2 50TATATO+50BPAEDA(512) 100 - 50 50 +50 
 
4.3.2.   Methods 
Polymer sheets were created by injecting monomer solution into a mold consisting of two 
50 mm x 75 mm slides separated by 1 mm spacers and secured with binder clips and 
exposing the mold to a UVP Blak-Ray® 365nm UV light (intensity ~4-8 mW/cm2) for 5 
minutes.  Prior to injection, the slides were thoroughly cleaned with acetone.  A 
minimum of three sheets (or slides) of each mixture were polymerized. 
Samples for dynamic mechanical analysis (DMA) were obtained by excising a portion of 
the polymerized sheet with a razor blade and polishing the edges with 800- and then 
1200-grit silicon-carbide sandpaper, to arrive at final specimen dimensions of 
approximately 20 mm x 4.5 mm x 1 mm.  A TA Instruments Q800 DMA was used to 
obtain the storage modulus (E’) and loss tangent (tan δ) curves in tensile mode.  The 
samples (n≥2) were cooled to -100 ºC, equilibrated for 2 minutes, and then ramped at a 
rate of 2 ºC/min to 120 ºC.  The frequency was set to 1 Hz, the force track was set to 
150%, and the strain level was set to 0.1%.  The glass transition temperature, Tg, was 
determined by the peak of the tan(δ) curve and the rubbery modulus, Er, was defined as 
the minimum of the storage modulus curve. 
A TA Instruments differential scanning calorimeter (DSC100) with a photocuring 
assembly (PCA) was used for polymerization speed studies.  An Exfo Novacure 2100 
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exposure system provided the ultraviolet radiation via a dual 5 mm diameter light guide.  
The intensity was tuned to 8 mW/cm2 to mimic the conditions under the Blak-Ray lamp 
used for DMA and initial photopatterning studies.  A sample pan was placed on the 
sample pedestal and one drop (~15 mg) of monomer solution was pipetted into the pan.  
The reference pedestal was left empty to allow the contribution of incoming energy from 
the light source to be removed from the heat flow calculations.  The sample chamber was 
closed and purged with nitrogen to eliminate any oxygen that might inhibit the 
polymerization reaction.  The experiments were performed under isothermal conditions at 
25 °C with a constant nitrogen purge rate of 5 mL/min.  After two minutes of purging the 
chamber, the light source shutter was opened and the heat flow due to the exothermic 
polymerization reaction was tracked until the heat flow was less than 0.1% of maximum 
heat flow.  Post-exposure, the mass of the resultant polymer was obtained and used to 
normalize the heat flow data.  The data for conversion percentage is normalized to the 
maximum conversion (area under the mass-normalized heat flow vs. time curve) 
attainable by each individual mixture in the photoDSC, not to the full conversion of all 
the bonds in the mixture. 
The hard contact method (direct liquid contact) was used for the micropatterning 
experiments.  Patterned polymers were created by injecting the desired monomer solution 
between the borosilicate glass substrate and the photomask, which were separated by 
spacers.  The spacers were precision steel shims with thicknesses either 76.2 µm or 508 
µm, and were used to control the monomer layer thickness and the thickness of the 
resulting polymer structures.  The photomask was either a photofilm [203] (UV-opaque 
ink on a flexible, transparent polymer sheet with a resolution of 5 µm) or a chrome-on-
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soda lime photomask with a resolution of 5 µm.    For the initial screening studies, the 
micropatterning setup was then exposed to a UVP Blak-Ray® 365nm UV light (intensity 
~8 mW/cm2) for 10 to 30 seconds, depending on the desired conditions.  Post-exposure, 
the structures were developed in acetone for 10-60 seconds. 
Two 23 factorial design experiment matrices [226] were designed, with the first stage 
(Table 4.2) being a well-controlled screening study where the parameters were chosen 
from previous screening studies without a collimated source.  The second stage matrix 
(Table 4.3) was designed based on the results of the first stage screening experiments.  
The samples were prepared in the same fashion as in the screening studies, except that the 
samples were placed in low density polyethylene specimen bags (thickness 101.6 µm) to 
reduce the smell from the thiol component in the cleanroom environment where the 
experiments took place.  These experiments were performed using an Optical Associates 
Inc. 300 series mask aligner, with the experimental conditions as listed in Table 4.2 and 
Table 4.3.  The intensity of the light source at 365 nm was 13.3 mW/cm2, but the 
specimen bag reduced the intensity by ~10% to 11.9 mW/cm2. 
Table 4.2. 23 factorial design experiment matrix for screening study. 
Test # Thickness (µm) Dose (mJ/cm2) Development (sec) 
1 508 144 60 
2 76.2 144 60 
3 508 72 60 
4 76.2 72 60 
5 508 144 30 
6 76.2 144 30 
7 508 72 30 
8 76.2 72 30 
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Table 4.3. 23 factorial design experiment matrix for second-level study. 
Test # Thickness (µm) Dose (mJ/cm2) Time (sec)
1 508 85.5 75 
2 76.2 85.5 75 
3 508 58.5 75 
4 76.2 58.5 75 
5 508 85.5 45 
6 76.2 85.5 45 
7 508 58.5 45 
8 76.2 58.5 45 
 
An optical microscope was used to examine and characterize the final polymer structures.  
Optical micrographs of the structures were used to determine the ability of the copolymer 
to be photopatterned and to determine the main and interaction effects of the various 
conditions from the 23 factorial design study.  Micrographs of the photomasks/films were 
used as controls for sizing and geometry.  A Hitachi S-3500H SEM was used for 
additional images of oblique views of the structures and for sidewall profile 
determination.  Samples were prepared for the electron microscope by sputter coating 
with a thin (15-30 nm) layer of gold.  The image processing software ImageJ from the 
National Institutes of Health [227] was used to determine quantitative values for various 
features of the polymer structures based on images from both optical and electron 
microscopy. 
4.4. Results 
DMA testing revealed (Figure 4.2) that 50TATATO+50BPAEDA(512) had a Tg of 18.3 
°C and an Er of 11.43 MPa. The binary acrylate system 
30.2BPAEDA(512)69.8PEGPEA(236) had a Tg of 17.6 °C and Er of 13.13 MPa.  The 
10PETMP+25BPAEDA(512) mixture had a Tg of -16 °C and Er of 2.5 MPa. 
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Figure 4.2. DMA curves for 50TATATO+50BPAEDA(512), 
30.2BPAEDA(512)69.8PEGPEA(236) and 10PETMP+25BPAEDA(512). 
 
PhotoDSC testing of the different monomers, as seen in Figure 4.3 and Figure 4.4, 
revealed the exotherm of the polymerization reaction and normalized conversion speed 
for each material.  The total heat flow for the tested materials (n=3) is listed in Table 4.4 
in descending exotherm magnitude. 
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Figure 4.3. PhotoDSC heat flow curves for studied materials. 
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Figure 4.4. (Top) Conversion vs. time and dose curves full scale and (bottom) low dose 
detail for studied materials. 
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Table 4.4. Total exotherm for polymerized materials. 
Material Avg. Total Exotherm (J/g) Std. Dev. (J/g)
SR9020 327.9 13.1 
PEGPEA(236) 319.7 0.7 
10PETMP+25BPAEDA(512) 300.1 3.0 
320.BPAEDA(512)69.8PEGPEA(236) 297.6 4.1 
BPAEDA(512) 202.1 8.6 
50TATATO+50BPAEDA(512) 190.9 5.1 
 
Converting the mass-normalized heat flow vs. time curves into conversion curves reveals 
that the Sartomer triacrylate, SR9020 was the first to reach 50% conversion in 7.8 
seconds (62.4 mJ/cm2), followed by 50TATATO+50BPAEDA(512) and PEGPEA(236) 
in 11.5 seconds (92 mJ/cm2),  30.2BPAEDA(512)69.8PEGPEA(236) in 12.5 seconds 
(99.8 mJ/cm2), 10PETMP+25BPAEDA(512) in 13.4 seconds (107.2 mJ/cm2), and finally 
pure BPAEDA(512) in 20.9 seconds (167 mJ/cm2).  However by the time 98% of 
maximum conversion is reached for each material, the order changes significantly:  
SR9020 reaches 98% in 30 seconds (240 mJ/cm2), 
30.2BPAEDA(512)+69.8PEGAPEA(236) and pure PEGPEA(236) in 36 seconds (288 
mJ/cm2), 10PETMP+25BPAEDA(512) and pure BPAEDA(512) in 47 seconds (376 
mJ/cm2), and finally 50TATATO+50BPAEDA(512) in 67 seconds (536 mJ/cm2). 
Preliminary screening studies using the standard Blak-Ray UV source revealed that an 
exposure of 20 seconds (~80-160 mJ/cm2) was sufficient to create structures that 
remained on the substrate without causing crosslinking in the unexposed regions of the 
mask.  The studies also revealed, after optical microscopy (Figure 4.5) and post-
processing of the images with ImageJ, that 50TATATO+50BPAEDA(512) shrank <1% 
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while the 30.2BPAEDA(512)69.8PEGPEA(236) shrank 35-37%.  Figure 4.6 compares 
the internal and external corner patterning of 50TATATO+50BPAEDA(512) compared 
to 30.2BPAEDA(512)69.8PEGPEA(236), with the photomask for the feature provided 
for reference. 
   
Figure 4.5. Comparison of photopatterning 
of (top) 50TATATO+50BPAEDA(512), (middle) photomask (bottom) 
30.2BPAEDA(512)69.8PEGPEA(236).  Scale bars are 500 µm.  Surface damage is 
transferred scratches from the photomask, and wrinkling is a result of delamination and 
shrinkage while developing in acetone. 
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Figure 4.6. Internal and external corner patterning comparison 
between 50TATATO+50BPAEDA and 30.2BPAEDA(512)69.8PEGPEA(236), with 
photomask as reference. 
Figure 4.7 shows additional patterning capabilities of 50TATATO+50BPAEDA by 
displaying various polymer structures.  Figure 4.8 shows the patterning of 
10PETMP+25BPAEDA(512), which shrank ~11%, compared to the actual photomask.  
Additional inspection under an optical microscope also revealed that, as with other 
photopatternable materials, source collimation is essential to the quality of the patterning 
through the height of the structure - the standard UV source used was unable to maintain 
sufficient fidelity throughout the thickness of the layer. 
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Figure 4.7. Additional photopatterned structures made with 
50TATATO+50BPAEDA(512). 
Scale bars are (top) 500 µm (middle) 200 µm (bottom) 40 µm. 
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Figure 4.8. Optical microscopy images of (top) photomask and (bottom) resultant 
photopatterning of 10PETMP+25BPAEDA(512). 
Scale bar is 100 µm. 
The results of the first round of 23 factorial design study (Table 4.2) are compiled in 
Table 4.5.  Figure 4.9 shows some representative structures from these tests. 
Table 4.5. Results of first round of 23 factorial design study. 
Test # Results and Notes 
1 Overexposed 
2 Delamination occurred during washing 
3 Underdeveloped near larger groups of close-together structures
4 Overdeveloped with some delamination 
5 Underdeveloped, wavy features after development 
6 Underdeveloped, excess monomer not washed away 
7 Underdeveloped, excess monomer not washed away 
8 Underdeveloped with some delamination 
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Figure 4.9. Optical micrographs of structures from first factorial design study. 
Test #  (clockwise from top left) 2, 3, 8, 6. Scale bars are 40 µm. 
Table 4.6 shows the compiled observations and results from the second round of 23 
factorial design study. 
Table 4.6. Results from the second round of 23 factorial design study.  
Test # Results and Notes 
1 Underdeveloped in regions of high structure density, especially near substrate
2 Slight underdevelopment in narrow channels 
3 Underdeveloped in regions of high structure density 
4 Strong delamination in some areas 
5 Underdeveloped generally 
6 Underdeveloped generally 
7 Underdeveloped generally 
8 Underdeveloped generally 
 
Figure 4.10 shows SEM images of some features from the second factorial design study 
which were underdeveloped.  Figure 4.11 shows electron microscope images of well-
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developed structures from the same study.  ImageJ processing on these structures 
revealed that the sidewall/divergence angle was ~5-6° using the collimated source. 
 
Figure 4.10. Underdeveloped features from second level factorial design study. 
Test # - scale bar length (µm), clockwise from top right: 3-200-gear in monomer, 1-500-
rectangular columns, 2-200-tall rectangles, 1-500-side view of gear, 1-250-tall rectangles 
in monomer. 
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Figure 4.11. Well-developed structures from second factorial design study. 
Test # - scale bar length (µm): (left column from top) 1-500, 4-250, 4-500 (right column 
from top) 2-200, 4-200-square tip probes, 4-500-side view of gear from left column. 
The minimum negative or positive feature size that 50TATATO+50BPAEDA(512) can 
pattern is 5 µm or better, since 5 µm is the minimum resolution of the mask (Figure 4.12).  
The negative features appear to be larger than those of the mask due to optical effects, 
including washout of the photomask lines due to the large surrounding whitespace.  The 
minimum spacing between features depends on the thickness due to geometry and the 
angle of divergence; the general geometrical rule for this scenario is a minimum of 8.75 
µm space between structures for every 100 µm of thickness.  Structures with an aspect 
ratio of >3:1 were created. 
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(a)      (b) 
Figure 4.12. Optical micrographs showing (a) negative and (b) positive features. 
The top part of both images is the photomask, with the bottom being the resulting 
patterned polymer (a) slide 7 (b) slide 4 from the first factorial design study. 
4.5. Discussion 
50TATATO+50BPAEDA(512) and the binary acrylate 
30.2BPAEDA(512)69.8PEGPEA(236) are substantially equivalent thermomechanically, 
as revealed by DMA.  50TATATO+50BPAEDA(512) was also the fastest material to 
reach 50% of maximum conversion among the materials to be photopatterned, which is 
important because this is near the conversion that resulted in the best structures during 
preliminary screening studies.  However, the difference between the time-to-50% for this 
mixture and that for the binary acrylate was essentially inconsequential.  Additionally, 
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50TATATO+50BPAEDA(512) released the smallest amount of energy on a per-gram 
basis during polymerization, reducing potential thermal gradients and related effects that 
can alter viscosity, diffusion rates, and the dimensional stability of resultant structures.  
Comparison materials, such as the triacrylate SR9020 showed the extremely rapid 
polymerization behavior common in popular photopatternable materials.  The 
monofunctional acrylate PEGPEA(236) polymerized faster than the difunctional acrylate 
BPAEDA(512) in contrast to the general trend of higher functionality leading to higher 
speed, but the polymerization of the Bisphenol A-based acrylate is likely diffusion-
limited due to its much higher viscosity. 
During photopatterning and development, the shrinkage of the binary acrylate 
30.2BPAEDA(512)69.8PEGPEA(236) was extreme and led to wavy and nonuniform 
edges, features of varying width, and extremely rounded corners (Figure 4.5 and Figure 
4.6).  The 50TATATO+50BPAEDA(512), on the other hand, replicated the pattern of the 
photomask very well and shrank very little, reproducing corners and straight-line features 
faithfully.  Even 10PETMP+25BPAEDA(512), which has a rubbery modulus (and 
therefore crosslink density) 80% lower than that of the binary acrylate system, still 
exhibited only 1/3 the shrinkage of the acrylate.  Additionally, the shrinkage of 
10PETMP+25BPAEDA(512) was more controlled and predictable.  The overall shapes, 
corners, and linear features were maintained (Figure 4.8), indicating that masks for this 
materials could possibly be designed to account for the shrinkage. 
The preliminary screening studies for the 50TATATO+50BPAEDA(512) showed that 
even a standard UV light benchtop setup would result in structures that accurately pattern 
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from the mask with very little shrinkage.  The angle of divergence for these structures is 
worse than was desirable due to the lack of source collimation, but thin (<25 µm) 
structures should be produced with sufficient accuracy.  These initial studies also created 
a benchmark range for exposure dose for the factorial design studies. 
The factorial design studies themselves served to narrow the processing parameter space 
which results in excellent polymer structures.  In addition to using a collimated source to 
greatly reduce the divergence angle, the source had a more uniform irradiance than the 
Blak-Ray and it had a controllable dosage output utilizing a shutter system.  The best 
processing conditions from the study appear to be structure dependent, but are generally 
found with dosages ranging from 58.5 mJ/cm2 to 85.5 mJ/cm2 in thicknesses from about 
75 µm to 500 µm, with a development of at least 60-75 seconds or more.  The most well-
defined structures came from test #’s 2 and 4, which had the lowest aspect ratio and 
highest development time.  This is largely due to the flexibility of polymer at room 
temperature which makes high-aspect ratio structures fall over or bend, and partly due to 
the reduced potential for scattered/refracted radiation and radical diffusion at lower 
depths in the liquid monomer mixture.  Potential solutions to the flexibility issue are to 
use cold acetone as a wash and to cool the material prior to development to enhance the 
rigidity of the structures. 
The greatest challenge in the processing of these copolymers is the post-exposure 
development of the crosslinked portions of polymer.  Insufficient development will result 
in unwashed structures while excessive development can cause curling and complete 
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delamination of the polymer from the substrate in acetone‡.  Residual monomer on a 
structure (e.g. Figure 4.10, top right) poses a problem because the thiol-ene monomers 
are prone to a “dark reaction,” whereby the monomer mixture will polymerize over time 
without any external stimulus, destroying any definition imposed by the photomasking 
process. 
4.6. Conclusions 
Thiol-ene/acrylate copolymers showed good patternability for a range of 
thermomechanical properties.  The thiol-ene/acrylate copolymer patterned much better 
than a binary acrylate mixture that had the same thermomechanical properties; even a 
thiol-ene/acrylate with a fraction of the crosslink density of the binary acrylate was able 
to pattern much better than the acrylate was.  These results demonstrate that thiol-
ene/acrylates can fulfill a role in micropatterning that pure acrylates cannot because the 
selected thiol-ene chemistry and reaction scheme allows for a system that is tunable, has 
a lower crosslink density and stiffness, and can still be reliably photopatterned.  A 
particular thiol-ene/acrylate mixture, 50TATATO+50BPAEDA(512), has been 
photopatterned into shapes and structures that are particularly suitable for/capable of 
being used in MEMS or small-scale biomedical devices.  However, the critical issue 
which remains to be solved for this system is the polymer-to-substrate adhesion, which is 
directly linked to the ability to properly develop the patterned structures. 
                                                 
 
‡ Numerous attempts at enhancing the adhesion of the polymer to the substrate utilizing 
various coatings (gold, 2-hydroxyethyl methacrylate, etc.) met with limited success, with 
sputter-coated gold showing the most promise. 
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Direct fabrication of polymeric microdevices generally wastes less material and can be 
more accurate than creating a mold with a sacrificial photoresist material and direct 
writing also takes only a fraction of the time needed to create either a mold or direct 
feature with a typical photoresist.  Thiol-ene/acrylate copolymers show promise as a 
system that can be directly patterned with a range of crosslink densities and properties. 
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CHAPTER 5. CONCLUSION 
The first chapter provided an introduction to the materials and methods that were to be 
used in the research.  Critical techniques that were used in the research included 
mechanics of materials methods, such as bulk tensile deformation, and polymer 
characterization, such as DMA, PhotoDSC, FTIR, and sol-fraction testing.  A newer 
mechanical characterization method, nanoindentation, was used because of the extreme 
force and displacement resolution which was necessary to study, for the first time, the 
properties of structures created by laser focal point polymerization.  The main materials 
that were studied were (meth)acrylates and thiol-ene polymers, both in bulk and at the 
small scale.  The first chapter also established the purpose and scope for performing the 
research, as well as discussing the potential impact and the expected benefits.  The 
thermomechanical properties of thiol-ene/acrylate polymers are not well studied, but 
knowledge of their properties and understanding the various relationships between 
monomer/network structure, thermomechanical properties, reaction mechanism, and 
polymerization behavior is critical before thiol-ene/acrylate copolymers can be adopted 
for use and used in design work.  Additionally, photopatterning of polymers at the 
micrometer scale usually requires the sacrifice of desired thermomechanical properties in 
favor of desired polymerization behavior, whereas thiol-ene/acrylate materials have the 
potential to avoid the sacrifice; this research showed that this held true. 
The second chapter described the first instance of the mechanical characterization of 
polymers formed at the sub-micrometer scale using two-photon stereolithography and 
compared the results to those of bulk-polymerized photopolymers.  It was determined 
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that intensity (or power) had a larger effect on the resultant properties than stage 
translation speed did, as was expected from first principles of two-photon absorption.  As 
with standard photopolymerization, the modulus and hardness of the material dropped 
when overall dose was reduced, most likely due to reduced conversion.  Higher intensity 
also resulted in stiffer materials, even for the same dose, as a result of higher conversion 
caused by larger polymerization exotherms, in agreement with earlier bulk single-photon 
photopolymerization studies.  It was also discovered that materials fabricated via the two-
photon process could be made stiffer and harder than a material fabricated using standard 
photopolymerization routes as a result of the combination of high intensity and high dose.  
The mechanical characterization of both the bulk polymer and micrometer-scale 
structures in the second chapter was performed via nanoindentation.  This technique was 
uniquely suited to measuring the properties of the two-photon-produced polymer 
structures because the scale of the indentation required for characterization was small 
compared to the size of the structure. 
Chapter 3 covered the establishment and understanding of a structure-property map for 
thiol-ene(/acrylate) copolymers in bulk form.  The kinetics of thiol-ene(/acrylate) 
polymerization and modeling of the network are well described in the literature, but a 
rigorous description of the thermomechanical behavior of thiol-ene(/acrylate) networks 
was necessary in order to provide a more complete description of thiol-ene/acrylate 
materials.  It was found that thiol-ene copolymers tend to exhibit a subambient Tg and 
low-to-moderate Er, while the addition of a high-Tg difunctional acrylate increased both 
properties.  The magnitudes of the changes in the properties were highly dependent on 
the amount of acrylate added, as anticipated.  Thiol-ene(/acrylate) networks exhibited a 
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broad range of thermomechanical behaviors, from a nearly thermoplastic elastomer to a 
highly crosslinked network. 
Chapter 4 discussed the photopatterning capabilities and processing fundamentals of 
thiol-ene/acrylate networks selected from the third chapter for either their “average” 
properties or their low crosslinking.  An acrylate with equivalent properties was patterned 
alongside to emphasize the uniqueness of thiol-ene/acrylate copolymers’ ability to 
maintain pattern fidelity and polymerize rapidly with even low-to-moderate crosslinking 
densities.  The acrylate material was unable to retain the features of the photomask, while 
the thiol-ene/materials showed much lower, more predictable shrinkage with excellent 
pattern transfer.  Exposure doses for various intensities and development times were 
determined for two different monomer layer thicknesses.  The minimum resolution for 
feature spacing and size for both positive and negative features was determined.  
Different solvents were examined for their ability to wash away the unexposed monomer.  
The importance of source collimation for low wall divergence was investigated.  A 
multitude of sample structures suitable for MEMS and biomedical devices were created 
and imaged. 
The research described in this work was an investigation into the relationship between 
bulk photopolymerized materials and polymer structures made via two-photon 
stereolithography, the thermomechanical properties of thiol-ene and thiol-ene/acrylate 
polymers in bulk form, and the ability of thiol-ene/acrylate materials to be photopatterned 
at the micrometer scale.  Using nanoindentation, the mechanical properties of TPS 
structures were determined and a basic understanding of the process-mechanical property 
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map for two-photon polymerization was developed.  Analysis of a study of fourty-one 
thiol-ene(/acrylate) copolymers using various standard chemical and thermomechanical 
characterization techniques provided an understanding of the links between the process, 
structure, and properties of thiol-ene(/acrylate) materials in bulk form.  A series of 
screening and factorial design studies using the hard contact photopatterning method with 
thiol-ene/acrylate materials and an acrylate material showed the superior ability of thiol-
ene/acrylates over pure acrylates to photopattern at the micrometer scale with moderate 
crosslink density. 
Based on the results of the research, there are several recommendations for future 
research that would strengthen and expand the current results.  A study comparing the 
received dose to the mechanical properties of TPS polymers would provide a parameter 
that, along with intensity, would describe the expected properties of structures made with 
TPS.  Additionally, comparison of the properties of samples made with different 
monomers (especially with different functionality) would establish a more universal 
process-property map for TPS.  A swelling study and elemental analysis of the eluent of 
the thiol-ene networks would provide information about the structure of the polymer 
network and of the materials extracted via sol-fraction testing.  For instance, large 
amounts of swelling would indicate a loosely crosslinked network, which, along with 
FTIR and DMA data, could determine the amount of pendant bonds on dangling chains 
compared to the amount of unconverted bonds on soluble monomer and oligomer.  This 
additional information would further enhance the understanding of the structure-property 
relationship in thiol-ene/acrylate networks.  Finally, additional studies investigating the 
post-exposure development, in terms of both time and solvent, and substrate adhesion 
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promotion would enhance the adoption of thiol-ene/acrylate materials in photopatterning 
processes.  Solution of these two issues would greatly enhance the repeatability and 
predictability of the photopatterning of thiol-ene/acrylates, since these two facets were 
identified as the most critical issues hindering the process. 
This research will have a significant impact on the understanding of thiol-ene/acrylate 
polymers and of the capabilities of two-photon stereolithography.  This work provides the 
groundwork for significant advancement in polymer photolithography, MEMS, and 
micro-biomedical devices because of the first quantification of TPS-produced structures 
compared to bulk materials and the demonstration of the photopatternability of thiol-
ene/acrylate copolymers with tunable mechanical properties (and low crosslink density).  
These newly developed and characterized materials and processes will allow designers 
more choices when designing microdevices with mechanically functional components; 
these choices will allow for new devices and components to de designed which were 
previously bulky or impossible with silicon and other current materials because of their 
property ranges and given device size/mass constraints.  Potential microscale applications 
for these materials and processing techniques include soft cantilevers, sensor/actuator 
components with properties that exhibit temperature sensitivity (such as valves), and soft 
neuronal probes. 
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APPENDIX A: 
 
NANOINDENTATION OF TWO-PHOTON POLYMERS 
The first generation of structures polymerized via-two photon were squares composed of 
50:50 wt:wt SR368:SR9008, both triacrylates, in an array form with power varying in the 
horizontal direction and speed varying in the vertical direction.  Part of the array can be 
seen in Figure A.1, and detail shots of a square with good exposure conditions and a 
square with poor exposure conditions are shown in Figure A.2.  The inter-line spacing is 
sufficiently large compared to the lateral voxel dimensions that individual raster scans 
can be seen.  Surface roughness affected indentation results (not shown). 
 
Figure A.1. Two-photon squares of 50:50 wt:wt mixture of SR9008:SR368. 
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(a)      (b) 
 
Figure A.2. Two-photon squares with (a) good and (b) poor processing conditions. 
 
Second generation materials were bar shapes, similar to third generation materials 
reported in Chapter 2, but polymerized out of the earlier mixture of 50:50 wt:wt 
SR368:SR9008.  SR9008 was subsequently discontinued by the manufacturer, prompting 
the switch to SR9020.  The second generation bars can be seen in Figure A.3.  Detail 
images of bars with good development and poor development can be seen in Figure A.4. 
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Figure A.3. Portion of second generation two-photon array of SR9008:SR368. 
  
(a)     (b) 
 
Figure A.4. Detail views of bars with (a) good and (b) poor development. 
 
Nanoindentation was performed on these structures.  The modulus and hardness of the 
materials is plotted against speed, with series listed as a function of input power.  The 
modulus and hardness results are shown in Figure A.5 and Figure A.6, respectively. 
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Figure A.5. CSM modulus for second generation two-photon array. 
 
 
Figure A.6. CSM hardness for second generation two-photon array. 
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The modulus and hardness followed the expected trends with the exception of the 20 mW 
power setting and speeds below 20 mm/s.  The 20 mW samples exhibited trends quite 
opposite those of the other materials, for reasons unknown.  The drop in modulus and 
hardness below 20 mm/s was thought to be caused by damage as a result of overexposure 
and thermal chain scission.  However, the same effect did not appear in the third 
generation samples, which more accurately represents the typical processing parameter 
window for two-photon stereolithography, and so the cause for this low-speed behavior 
in the second generation samples remains undiscovered and uninvestigated. 
125 
APPENDIX B: 
 
SUPPLEMENTAL OPTICAL/ELECTRON IMAGES OF 
PHOTOPATTERNED POLYMERS 
   
(a)     (b) 
   
(c)     (d) 
     
 (e)    (f)   (g) 
 
Figure B.1. Additional photopatterned structures of 10PETMP+25BPAEDA(512). 
(a) circle (b) pentagon (c) pentagon corner detail (d) “resistor” flow baffles with 
microchannel corner (e) flow baffle edges, corners and tips (f) baffle tip detail and (g) 
baffle internal corner detail.  Scale bars are all 100 µm. 
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Figure B.2. Optical microscope image of tweezer shape. 
Material is 50TATATO+50BPAEDA(512) and tips have a height:width aspect ratio of 
~4:1.  Due to rubbery nature of polymer at room temperature and poor substrate 
adhesion, tips have fallen over and twisted after development in acetone. 
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Figure B.3. Other shapes from photopatterning screening studies. 
Material is 50TATATO+50BPAEDA(512), scale bars as shown. (top left) stars on wand 
shafts, used for manipulation (top right) annuli (middle left) star-shaped hole, used as a 
target for star wands (middle right) gears on wand shafts, used to manipulate gears and 
operate miniature gear trains (bottom left) fluid resistor baffle system, baffles have 
moved due to surface tension and flexibility in acetone during development (bottom 
right) detail of small gears, near where teeth are in close proximity on mask. 
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Figure B.4. Optical images of photomask and bottoms of gears. 
Material is 50TATATO+50BPAEDA(512) from screening studies using Blak-Ray lamp, 
scale bars as shown. (top left) photomask of star wand (top right) bottom of small gears 
in close proximity (middle left) bottom of large and small gears and photomask of big 
gears (middle right) detail view of big gear photomask (bottom left) photomask of fluid 
resistor baffle system (bottom right) triangle wand photomask. 
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Figure B.5. Optical images from screening study using exposure chamber. 
Material is 50TATATO+50BPAEDA(512) and exposure time was 3 minutes at ~6 
mW/cm2.  Sample was covered with crossed microlouver sheets which eliminate incident 
light at angles more than ±35º.  (top left) probe tip shape (top right) concentric 
positive/negative circles (bottom left) negative cross shape (bottom right) positive bars of 
varying width and spacing, used for resolution study, incident light from high angles 
causes unwanted crosslinking between structures. 
 
Figure B.6. Structures from first factorial design study. 
(left) negative lines forming school symbol, linewidth <20 µm (right) probe tip showing 
ability to obtain and maintain form and sharpness. 
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Figure B.7. Images from slide 1, factorial design study round 2. 
(top left) negative-tone “Buzz” and “GT” symbol, linewidth ~5 µm (top right) positive 
cross, showing inside and outside corners (bottom left) concave probe tips (bottom right) 
bars of varying spacing for resolution study. 
 
Figure B.8. Probe tips from slide 2, factorial design study round 2. 
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Figure B.9. Structures from slide 4, factorial design study round 2. 
(left) positive “GT” (right) convex probe tips.  Warping is a result of delamination and 
resettling during and after development in acetone.  Residual monomer can be seen on 
both the “GT” symbol and on probes. 
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Figure B.10. Structures from slide 6, factorial design round 2. 
(top) convex and (middle) concave probe tips (bottom) blocks of varying size and 
spacing for resolution study. 
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Figure B.11. Structures from slide 7, factorial design round 2, showing poor 
development. 
 
 
Figure B.12. Oblique SEM images of structures from round 2. 
Slide 3:(top left) probe array (top right) probe array detail, showing undercutting as a 
result of poor exposure and development conditions.  
Slide 1: (bottom left) Buzz/GT detail (bottom right) negative concentric rings. 
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Figure B.13. Oblique SEM images of gear arrays from round 2. 
(top left) slide 2 (top right) slide 4 (bottom left) slide 1 (bottom right) slide 1. 
 
Figure B.14. Various views of a small gear from round 2. 
(top) oblique (bottom left) tooth side/tip detail (bottom middle) side view of gear (bottom 
right) tooth side/tip detail 
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